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ABSTRACT 
Polymeric nanoparticles (PNPs) with accessible reactive and functional groups on the surface of 
the particles, commonly known as functional polymeric nanoparticles (FPNPs), provide 
additional physical and chemical characteristics for a wide range of fields, including biomedical, 
optical, electronic and environmental technologies. The main aim of this study was to 
investigate the synthesis of FPNPs and various applications using further modified FPNPs. A 
facile technique, i.e. surfactant-free dispersion polymerization, was used to prepare FPNPs, of 
controlled and tunable size and morphology, based on the highly-crosslinked terpolymer of 
styrene, maleic anhydride and divinylbenzene (poly(St-co-MAnh-co-DVB) also called MAnh-
FPNPs). The particle size, varying from 70 nm to 1300 nm, and surface morphology, smooth to 
popcorn-shaped, were obtained by simply varying the experimental parameters, such as RAFT, 
monomer and crosslinker (DVB) concentrations, feed rate and reaction time. The highly reactive 
maleic anhydride and the pendant vinyl groups on the surface of the particles allow for easy 
modification if additional functionalization is needed for a specific application. The obtained 
FPNPs interestingly showed auto-fluorescent properties which allowed visualization using 
confocal fluorescence microscopy. Cytotoxicity assays and cellular uptake studies showed that 
these particles are benign to cells and are rapidly taken up in the cells.  
The surface of these particles was modified with different functional groups including, N,N-
dimethyl-3-aminopropyl-1-amine (DMAPA), boronic acid (BA) and a tetraphenylborate derivative 
respectively, producing DMAPA-FPNPs and BA-FPNPs respectively that were further used to 
fabricate Janus nanoparticles (JNPs) and permeable micro-sized capsules, as well as an 
adsorbent for the extraction of biomolecules. Inverse Pickering emulsions were utilized as 
template for (a) the synthesis of JNPs and (b) the formation of permeable capsules combined 
with the encapsulation of viable live bacteria. Rotating DMAPA-FPNPs captured at the interface 
of an inverse Pickering emulsion droplet, and Au-ions in the aqueous phase, allowed the 
complementary reaction between the tertiary amine on particles and Au-ions producing JNPs 
with tunable Au-covered surfaces. Correlative SEM imaging was used to confirm the synthesis 
of JNPs with varying fractions of surface areas modified through utilizing the rotation of the 
particles at the interface of the droplets. The BA-FPNPs were also used to synthesize 
permeable micro-capsules (MCs) via inverse Pickering emulsions, that were stabilized by 
boronic ester-FPNPs (BE-FPNPs), and the capsule wall fabricated through crosslinking 
individual FPNPs on the interface using a polydiol, starch, with capsule diameters between 20 
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µm and 100 µm. Successful fabrication of MCs was proven by LM and SEM analyses. The 
hollow hybrid starch-FPNP microcapsules (MC) were used to encapsulate constructed 
Escherichia coli. The E. coli strain allowed the release of amylase using an inducible GAL10 
promotor to express AmyA amylase upon exposure to galactose. The degradation was 
visualized by confocal fluorescence microscopy (CFM). 
Furthermore, the FPNPs were utilized in the extraction of biomolecules from dilute solutions 
after post-modification of the PNPs. The particle’s surface was modified via two different routes, 
i.e. direct surface modification using the reactive maleic anhydride and chain extending from the 
surface of the particles, to obtain particles able to extract specific biomolecules.  
One of the more intriguing and challenging aspects in current material science is the synthesis 
of functional and anisotropic particles, as theoretical work has shown that such particles could 
be very useful for controlling molecular recognition, self-assembly processes and various other 
applications.  
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OPSOMMING 
Polimeriese nanopartikels (PNPs) met toeganklike reaktiewe en funksionele groepe op die 
oppervlakte van die partikel, algemeen bekend as funksionele polimeriese nanopartikels 
(FPNPs). Die FPNPs het addisionele fisiese en chemiese eienskappe wat aanwending in `n 
wye verskeidenheid van velde, insluitend dié van biomedisyne, optiese, elektroniese en 
omgewingstegnologie moontlik maak.  Hierdie studie se hoofoogmerk is om ondersoek in te stel 
na die sintese van FPNPs en verskeie toepassingsmoontlikhede van verder gemodifiseerde 
FPNPs. Die FPNPs was voorberei by wyse van `n inskiklike tegniek i.e. benatter vrye 
verspreidings polimerisasie met n beheerde en manipuleerbare grootte en morfologie, gebaseer 
op die hoogs kruisverbinde terpolimeer of stireen, maleïensanhidried en diviniel benseen (poli 
(St-co-MAnh-co-DVB) ook MAnh-FPNPs).  
Die partikels se grootte, wat wissel van 70nm tot 1300 nm, en oppervlak morfologie (glad tot 
springmielie-vormig) is verkry deur om die eksperimentele beperkings, onder andere die RAFT-, 
monomeer- and kruisverbinder konsentrasies, te verander. Weens die hoogs reaktiewe 
maleïensanhidried en die vryhangende viniel groepe aanwesig op die oppervlakte van die 
partikels, is dit maklik om veranderinge aan te bring indien addisionele funksionaliteit vereis 
word vir `n spesifieke aanwending. Die verkrygde FPNPs het interessant genoeg ook auto-
fluoresseerende eienskappe getoon wat visualisering by wyse van konfokale fluoresseerende 
mikroskopie (KFM) moontlik maak. Sitotoksiese toetse en selulêre opname studies dui daarop 
dat hierdie partikels goedaardig vir die selle is en vinnig in die selle opgeneem word. 
Die oppervlakte van die partikels was aangepas met verskeie funksionele groepe, naamlik N,N-
dimetiel-3-aminopropiel-1-amien (DMAPA), boronsuur (BA) and n tetrafenielboraat afgeleide. 
Hierdie aangepaste DMAPA-FPNPs en BA-FPNPs was toe gebruik om Janus nanopartikels 
(JNPs), deurlaatbare mikro-grootte kapsules, sowel as `n funksionele partikel, vir die onttrekking 
van biomolekules, te vervaardig. Omgekeerde Pickering emulsies was aangewend as templaat 
vir (a) die sintese van JNPs en (b) die vorming van deurlaatbare mikrokapsules (MKs) 
gekombineer met die inkapsulering van lewendige bakterië.  
Roterende DMAPA-FPNPs, vasgevang op die skeidingsvlak van `n omgekeerde Pickering 
emulsie druppel, en Au-ione in die waterige fase, het die komplementêre reaksie tussen die 
tersiêre amien op partikels en die Au-ione, wat JNPs met manipuleerbare Au-bedekte 
oppervlaktes produseer, moontlik gemaak. Korrelatiewe skandeer elektron mikroskoop (SEM) 
beelding was gebruik om die sintese van die JNPs met wisselende fraksies op die oppervlak 
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areas, gemodifiseer deur die aanwending van die rotering van die partikels op die skeidingsvlak 
van die druppels, vas te stel.  
Die FPNPs was ook aangewend om deurlaatbare MKs via omgekeerde Pickering emulsies, wat 
gestabliseer was deur boron ester-FPNP’s (BE-FPNPs), te sintetiseer. Die kapsule-wand was 
vervaardig deur `n kruisbinding van individuele FPNPs op die skeidingsvlak deur n polidiol, 
stysel, te gebruik. Kapsules met `n deursnee van tussen 20 µm en 100 µm was vervaardig. Lig 
mikroskopie en SEM analises was gebruik om suksesvolle vervaardiging van die MKs te bewys. 
Die hol hibriede stysel-FPNP MKs was gebruik om geneties gemodifiseerde Escherichia coli te 
enkapsuleer. Die tipe E Coli het die vrystelling van amilase moontlik gemaak deur die gebruik 
van `n induseerbare GAL10 promotor om die uitdrukking van AmyA amilase te verkry wanneer 
dit blootgestel word aan galaktose.  Die afbreking was uitgebeeld by wyse van KFM.  
Die FPNPs was verder ook aangewend in die onttrekking van biomolekules vanuit verdunde 
oplossings na die modifisering van die PNPs. Die oppervlakte van die partikels was aangepas 
by wyse van twee verskillende metodes, i.e. direkte oppervlak aanpassing deur reaktiewe 
maleïensanhidried en ketting verlenging van die oppervlakte van die partikels, om sodoende 
partikels te kry wat spesifieke biomolekules kan onttrek.  
Een van die meer belangwekkende en uitdagende aspekte in die huidige materiële 
wetenskappe is die sintese van funksionele en anisotrope partikels aangesien teoretiese werk 
daarop dui dat hierdie partikels baie bruikbaar kan wees in onder andere die beheer van 
molekulêre herkenning, die selfvervaardigingsproses en verskeie ander aanwendings.  
Die sintese en vervaardiging van FPNPs is `n voortudrende navorsingsveld wat ontelbare 
addisionele funksionaliteite kan bied en dien as intelligente instrumente in verskeie 
aanwendings.  
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LIST OF ACRONYMS 
 
PNPs Polymeric nanoparticles 
FPNPs Functional polymeric nanoparticles 
MAnh-FPNPs Styrene-co-maleic anhydride-co-divinylbenzene particles 
Poly(St-co-MAnh-co-
DVB)  
Styrene maleic anhydride and divinylbenzene copolymer 
SMA Poly(St-alt-MAnh)  
DVB Divinylbenzene 
MAnh Maleic anhydride 
St Styrene 
DMAPA N,N-dimethyl-3-aminopropyl-1-amine  
BA Boronic acid 
JNPs Janus nanoparticles 
SEM Scanning electron microscopy 
MCs Micro-capsules 
BA-FPNPs Boronic acid-FPNPs 
BE-FPNPs Boronic ester-FPNPs  
LM Light microscopy 
CFM Confocal fluorescence microscopy  
Poly(St-co-MAnh-co-
DVB) FPNPs 




EPR Enhanced permeability and retention  
PEG Poly(ethylene glycol)  
PLGA Poly(D,L-lactic acid-co-glycolic acid)  
PLA Poly(D,L-lactide) 
PCL Poly(Ɛ-caprolactone) 
PDMAEMA Poly (N,N-dimethylaminoethyl-methacrylate)  
MLABe Poly(benzyl malolactonate) 
PAMAM Polyamidoamine  
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PSMA or P(St-co-MAnh) Poly (styrene-alt-maleic anhydride)  
EDA Ethylenediamine  
MA Methyl acrylate  
Hept Heptane 
MEK Methyl ethyl ketone 
AIBN 2,2’-Azo-bis(isobutyronitrile)  
BPT Butane-1-phenylethyl trithiocarbonate  
RAFT Reversible addition−fragmentation chain-transfer 
FEG-SEM Field emission gun scanning electron microscope 
ATR-FTIR Fourier transform infrared spectroscopy 
K3PO4 Potassium phosphate  
CS2 Carbon disulphide  
DMF N,N-Dimethylformamide  
AF Auto-fluorescence  
HUVECs Human umbilical vein endothelial cells  
ACQ Aggregation-caused quenching  
AIE Aggregation-induced emission  
RIR Restriction of intramolecular rotations  
RT Room temperature  
PBS Phosphate buffered saline  
NMR Nuclear magnetic resonance spectroscopy 
ROI Regions of interest  
RMFIs Relative mean fluorescent intensity  
VAc Vinyl acetate  
PMAnh MAnh homopolymer  
THF Tetrahydrofuran 
MEFs Mouse embryonic fibroblasts  
PI3K Phosphoinositide 3-kinase  
GM-CSF Granulocyte-macrophage colony-stimulating factor  
θ Three-phase contact angle  




YML Yeast mediated ligation  
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PCR Polymerase chain reaction  
TB Terrific Broth  
DAPI 4',6-Diamidino-2-phenylindole  
PI Propidium iodide  
Au3+ Gold(III)ions 
AuCl3 Gold(iii)chloride  
HCl Hydrogen chloride  
BSD Backscatter detector  
STEM Scanning transmission electron microscope 
Na-TPB Sodium tetraphenylborate  
TPBD Tetraphenylborate derivative  
NaH Sodium hydride  
Đ Dispersity  
FR Free radical  
TBVE 
Lithium triphenyl (4-((2-(2-vinyloxy) ethoxy) ethoxy) methyl)-phenyl) 
borate  
Mn Number-average molecular weight  
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General Introduction, Objectives and Outline 
This chapter provides a general introduction to polymeric nanoparticles, the synthesis thereof 
and various possible applications. The main objectives for this study and the layout of the 
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1.1 Introduction 
Nanotechnology is a multidisciplinary field, and it has become a bourgeoning research focus 
around the world, with widespread applications in various fields including bioengineering, 
biomedical diagnostics, molecular biology and therapeutics.1–4 In the past few decades, 
polymeric nanoparticles have, in particular, attracted immense amounts of interest due to the 
availability of various types of polymers with tunable molecular weights and functionalities.5–7 
This  provides the nanoparticles with endless properties leading to a wide range of applications, 
including electronics, conductivity, catalysis, pollution control, environmental technology, 
pharmaceuticals and drug delivery, among many other applications.3,4,8–12 Each individual 
application is dependent on the unique polymer composition of the nanoparticles, and thus, on 
the properties inherent to these polymers. Furthermore, the mode of preparation of these 
nanoparticles plays a significant role in obtaining the desired properties. An additional 
advancement in nanotechnology research is the inclusion of additional functionality and 
reactivity through the incorporation, adsorption or covalent coupling of functional groups to the 
surface of the nanomaterial itself.13–16 Previous studies have shown that many different 
compounds, including polymers, carbohydrates, peptides, proteins, nucleic acids, ligands, and 
small molecules can be attached to the nanoparticles’ surfaces.1,17–19 
PNPs with reactive groups accessible on the surface of the particles, called functional polymeric 
nanoparticles (FPNPs), possess additional physical and/or chemical characteristics different 
from the ones originally found on the surface of the particles. Researched functional 
nanoparticles are often inorganic or PNPs with large size dispersity.11,12 Additionally, the 
particles need supplementary chemical treatment, with fabricating NPs limited to various 
fields.20–22 However, with the increasing use of FPNPs in advanced fields, some parameters 
need optimization. Firstly, precise control of particle size and size distribution is needed, and 
secondly, the ability to reproducibly prepare the particles is also important.1,7  
Synthesizing particles most often leads to spherical shapes with their surface functionalities 
arranged in an isotropic fashion.27  A number of methods to produce FPNPs have been 
reported, however, the method is highly system and application specific.25 Most of these 
methods require expensive equipment and complex post-processing to remove additional 
surfactants, and are produced in multiple step reactions.3,6,14 
The applications of FPNPs are predominantly dominated by the chemical and/ or physical 
properties of the polymers that it is made of. An important physical property to control is the size 
and size distribution of the final particles. The modification of nanoparticles introduces a wide 
array of interesting properties, depending on the functionalization agent, that allow modified 
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nanoparticles to offer unique and system-specific opportunities in various fields. This 
dissertation focusses on a surfactant-free dispersion polymerization technique that allows 
fabrication of FPNPs in a controlled and tunable manner. These FPNPs are comprised of highly 
reactive groups, such as maleic anhydride and pendant vinyl groups, that allow further 




The main objective of the study was to synthesize novel functional polymeric nanoparticles and 
obtain more insight into the parameters affecting the obtained particle size and morphology. 
Several different applications of the FPNPs are also explored. The objectives of this study can 
be summarized as follows: 
1. To synthesize FPNPs via free radical and RAFT mediated polymerization methods. 
2. To stabilize Pickering emulsions, to be used as a template, for polymer-based 
microcapsules synthesis, through the crosslinking the FPNPs at the interface.  
3. To investigate the triggered degradation of the microcapsule wall by encapsulating 
viable micro-organisms. 
4. Pickering emulsion droplets were also used as template to obtain novel polymer based 
functional Janus nanoparticles. 
5. To decorate the surface of the FPNPs further using two different approaches. The first 
approach entails grafting a tetraphenylborate derivative onto the FPNP surface. The 
second approach focuses on surface modification with a boronic acid moiety. Both 
surface-decorated FPNPs are investigated for biomolecule extraction from dilute 
solutions. 
 
1.3 Layout of this thesis 
Chapter 2-8 of this thesis are written with the intention to convert them over the coming months 
into manuscripts that can be submitted for publication in peer-reviewed journals. This thesis is 
divided into the following chapters: 
 
Chapter 1 
The chapter provides a general introduction to the field of nanoparticles, in specific functional 
polymeric nanoparticles, the synthesis thereof and the objectives for this study. 
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Chapter 2 
A review is provided regarding functional PNPs. After a general introduction into the topic, 
specific examples of FPNPs, their synthesis and applications will be discussed. 
 
Chapter 3 
Chapter 3 contains the results obtained for the synthesis of poly(styrene-co-maleic anhydride-
co-divinylbenzene) nanoparticles (poly(St-co-MAnh-co-DVB) FPNPs also referred to as MAnh-
FPNPs). The influence of various experimental parameters on particle size, size distribution and 
morphology are discussed.  
 
Chapter 4  
Chapter 4 investigate the auto-fluorescent properties of the poly(St-co-MAnh-co-DVB) FPNPs 
as well as a preliminary study on their uptake in mammalian cells.  
 
Chapter 5 
Chapter 5 contains results regarding the use of poly(St-co-MAnh-co-DVB) FPNPs and the 
further modification of these FPNPs for the stabilization of inverse Pickering emulsions. These 




The microcapsules described in Chapter 5 are used to encapsulate live bacteria. The bacteria 
have genetically been modified to produce amylase upon exposure to a trigger. Due to time 
constrains the work that should lead to the triggered release of the bacteria from the 
microcapsules, is still in progress. We show in Chapter 6 that the capsule wall can be degraded, 
but possible release of the encapsulated material still needs to be explored. 
 
Chapter 7 
Chapter 7 contains results on the synthesis of polymer-based Janus nanoparticles (JNPs). The 
MAnh-FPNPs were modified to be used for stabilizing inverse Pickering emulsions that are used 
to synthesize the JNPs, where the rotation of the particles at the interface leads to tunable 
fractions of the particles being surface modified.  
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Chapter 8 
Chapter 8 describes the decoration of the particle surface for the extraction of specific 
biomolecules. For that purpose, two different modifications of the particle surface are explored. 
 
Chapter 9 
In Chapter 9, the overall conclusions of this study are summarized and recommendations are 
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Functional and reactive polymeric nanoparticles – A Review 
Abstract 
Polymeric nanoparticles represent smart, multi-functional tools and have become a focal point in 
modern materials science. The ability to tailor and impart additional functionality to these 
nanoparticles allows for the design of intelligent and multi-functional tools for use in a large 
variety of fields. The present review introduces different functional polymeric nanoparticle 
architectures and discusses drawbacks of the specific synthesis routes followed to obtain them. 
The functionality and potential applications of these nanoparticles are also discussed. 
 
Introduction 
Nanotechnology is a multi-disciplinary field that explores materials and devices with dimensions 
of less than 1000 nm. It has, in recent years, become a popular research area within fields such 
as bioengineering, biomedical diagnostics, molecular biology and therapeutics.1–4 Most 
nanomaterials commonly exhibit at least one dimension below 100 nm in size, making them an 
ideal bridge between the bulk state and molecular or atomic structures, the relative scales of 
which are exemplified in Figure 1.  
The physio-chemical properties of nanoparticles are directly dependent on the properties of their 
individual building blocks, and can generally be controlled by varying parameters in the 
synthesis technique (reaction time, temperature, solvent, surfactants and precursors), each of 
which has an impact on the final morphology and size of the material.5,6 The correct properties 
Figure 1: Relative size of nanomaterials compared to molecules and bulk materials.152  
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for a specific end-application can therefore be obtained by careful design and selection of 
individual building blocks.  
Nanomaterials can be divided into several classes, i.e. incidental nanomaterials, naturally 
occurring nanomaterials and engineered materials. Naturally occurring nanomaterials include 
proteins, silk, viruses and the wax crystals covering a lotus leaf. Incidental nanomaterials are 
the by-products of materials produced by industrial and mechanical processes, such as polluting 
the air or starting a fire. In contrast, engineered nanomaterials are designed for specific 
applications and are purposefully synthesized by humans. An interesting example of the latter 
are nanostructured membranes designed to reduce air pollution by separating CO2 from 
industrial plant exhaust streams, or those designed to store energy.7,8 Another type of 
engineered nanomaterials are nanoparticles (NPs). NPs are actively used in various fields such 
as optoelectronics,9 biomedical fields,10,11 coatings12 and solar energy13. 
NPs of inorganic nature include quantum dots,14–19 ceramic and carbon NPs,20–23 as well as 
metal-based NPs such as magnetic NPs,24 gold,25,26 silver,27,28 and metal-oxide NPs.29,30 While 
they have shown promising results within various applications, their inorganic or metallic nature 
has raised concerns within the medical field regarding their toxicity, immunogenicity, and slow 
excretion kinetics from the body.31–33  
In the broad spectrum of nanoparticles, polymeric nanoparticles (PNPs) represent only a small 
part of the nanoparticle class, however, in the last few decades, they have attracted an 
immense amount of interest as demonstrated by the increasing number of associated 
publications.3,34,35  PNPs are submicron-sized, colloidal, polymeric particles defined by their 
polymer composition consisting of either a homopolymer or a copolymer.36 The advantages of 
PNPs include the ability to tune functional groups and design the polymer, the easier synthesis 
routes, and the potentially biodegradable properties. These properties have rendered PNPs 
appropriate for a wide range of applications and market-related needs, such as stealth 
characteristics37, drug delivery38–41, UV-protection42 and special coatings43 to only name a 
few.3,4, 
Fabrication of polymeric nanoparticles 
Advanced developments in polymer chemistry, physical chemistry and colloid and interface 
science allow for the synthesis of PNPs with endless potential characteristics.4,44–47 The 
preparation methods of these nanoparticles play an important role in obtaining the desired 
properties. Traditionally, PNPs have been synthesized using emulsion polymerization, mini- and 
macro-emulsion polymerization, precipitation polymerization, dispersion polymerization, solvent 
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evaporation, interfacial polymerization, solvent displacement, spray drying and salting 
out.3,34,35,48 Reviews detailing comprehensive information regarding the preparation techniques 
for these PNPs can be found.3,49 Each individual application of PNPs is dependent on the 
unique polymer composition of the nanoparticle. The polymer composition, in turn, is dependent 
on the properties inherent to the polymer, which are strongly influenced by the polymerization 
technique. 
The development of functional polymeric nanoparticles  
A recent advancement in polymeric nanoparticle research is the development of functional 
polymeric nanoparticles (FPNPs) by introduction, adsorption, or covalent coupling of additional 
reactive functionalities which allow for interactions of other compounds on the surfaces of the 
PNPs (Figure 2).50 Biomedical fields are taking advantage of the new developments within 
FPNPs. An example of this is derived from the original work of Ringsdorf,51 where he aimed to 
design a polymer therapeutic with a drug covalently, yet reversibly, bound to the polymer 
backbone and upon a trigger, such as pH, temperature, reductive environment or the presence 
of enzymes, releases the attached drug. From this, the concept of FPNPs for drug delivery was 
born.  
Figure 2: Images of functional polymeric nanoparticles as seen in literature, for the extraction of                
biomolecules52 and drug delivery40.  
 
The basic concept of FPNPs is to have functional groups available on the surface of the PNP 
that are either already reactive, or that allow for the further modification of the reactive groups 
for the introduction of additional functionalities. FPNPs also possess excellent benefits due to 
the possibility of biocompatibility and/or biodegradability. Other benefits include the structural 
versatility,53,54 which depends on the chosen polymer system, as well the possibility of designing 
and developing every aspect and functionality by introducing it from the start as a monomer or 
macromonomer.  
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Design and fabrication of functional polymeric nanoparticle  
Multi-functional PNPs, that is, PNPs having additional functionality, were designed to hold 
multiple tasks at hand. Although FPNPs are mostly used for drug and gene delivery, the overall 
idea of FPNPs is to be able to introduced a functionality that is applicable to a specific field. The 
modification of PNPs introduces a wide array of interesting and system-specific properties. 
These properties greatly depend on the functionalization agent, and allow nanoparticles to 
become intelligent tools with multi-functional abilities.1,47,55  The functionalities can be imparted 
onto the polymer backbone itself, or onto the surfaces of the PNPs. The surface functionalities 
can be attached during particle formation or post-particle formation, depending on the desired 
product and its intended applications.  
Generally, there are four design approaches to the synthesis of FPNPs.  The first approach is 
the synthesis of functional block copolymers, triblock copolymers or comb-like polymers (Figure 
3A).56,57 The second approach is through the physical modification of the surface of the particle 
in the form of an introduced functional surfactant or block copolymer during particle synthesis. 
These techniques involve the adsorption of the functional materials (e.g. polymer or surfactant) 
onto the particle surface through non-covalent interactions (Figure 3B).36,58 The third approach 
includes chemical methods which involve the attachment of active materials via covalent bonds 
onto the particle surface (Figure 3C) or the grafting of monomers from the surface of the PNPs. 
This results in surface grafted particles resembling a hairy surface layer (Figure 3D).39,59  
The design of FPNPs is dependent on the requirements associated with a specific application, 
so, the FPNPs are either fabricated by the self-assembly of functional monomers or polymers, 
A C B 
Figure 3: Illustrations of the three general approaches of A) block copolymers, B) surfactant-based 
interactions on the particle surface, C) direct surface modification of particles, and D) surface grafting 
from the surface of particles. 
D 
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or by the processing of prefabricated PNPs. These are comprised of the following components: 
(i) a core component that offers nanoparticle formation, and (ii) a functional group that is either 
covalently or non-covalently attached to the shell component. The different architectures of 
FPNPs (Figure 3) have led to only a few synthetic techniques to create FPNPs. A better 
understanding of the different designs will aid in clarifying these techniques.  
Relating to the first design (Figure 3A), block copolymers are synthesized with required 
functionalities introduced at the polymer end groups. Block copolymers are polymeric chains 
consisting of two different polymeric segments that are connected at the junction point. In a 
selective solvent that dissolves only one block, block copolymers tend to self-assemble into 
various morphologies, including micelles and vesicles (usually in the nanometer range), among 
others. The advantage of block copolymers is that the functionality can be conjugated to one 
end of the chain, hence directing such functionalities either to the periphery or core of the 
micellar structure upon self-assembly. The techniques most frequently employed for the final 
fabrication of FPNPs are nanoprecipitation and emulsification techniques (Figure 4). Upon 
careful solvent evaporation or precipitation in the presence of another compound that is soluble 
in that solvent, the compound can potentially be encapsulated and the structure is locked into 
their shapes (i.e. particles in nanometer size range) producing FPNPs capable of encapsulating 
certain materials.45 The use of tailor-made amphiphilic block copolymers that self-assemble in 
an appropriate solvent, forming micellar aggregates that, when triggered, crosslink the core, can 
also produce FPNPs. A wide range of methods with different mechanisms have been used to 
introduce a certain degree of crosslinking required to stabilize polymers of PNPs. 
 
Such methods include UV-induced reactions60–62, radical-based crosslinking (e.g. polymers 
containing double or triple bonds)63,64, reversible disulfide-bridge formation64. Another method is 
the reaction of multifunctional polymers with a di- or trifunctional linker (e.g. isocyanate 
Figure 4: Schematic illustration of nanoprecipitation and mini-emulsion techniques for the synthesis of 
FPNPs.153 
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containing polymers with diamines, click chemistry or Michael addition).65–67 Although various 
examples of crosslinking exist, core-stabilized nanoparticles with orthogonal surface functional 
groups fabricated by the crosslinking of the core are still rare. 
The second design entails reactive functional groups on the surface of PNPs introduced via 
surfactants or block copolymers acting as surfactant, with a desired functional group adhering to 
the surfactant/block copolymer (Figure 3B). These kinds of FPNPs are mostly fabricated using 
an oil-in-water (O/W) emulsion method,39 with dispersed surfactants/block copolymers for the 
preparation of surfactant/block copolymer particles with the functional moiety physically 
absorbed onto the particle surface. For these non-covalent interactions, the homopolymer and 
surfactant must be chosen very carefully to ensure stable interactions with the functional 
component, otherwise they may readily detach from the PNPs.  
The last two design approaches include the surface modification of pristine particles generally 
synthesized by traditional PNP techniques (section fabrication of PNPs). The surface 
modification can occur by the direct modification of a relevant reactive group on the surface of 
the PNP (Figure 3C) or by the addition of functionality on the surface of nanoparticles using 
functional monomers grafted onto the surface of PNPs, like hairy particles (Figure 3D). It is 
therefore important that the core particle used for this kind of approach has a well-controlled 
particle size. This is especially important in the field of drug delivery. 
Recent advances in polymer nanoparticle research have led to the development of functional 
polymeric nanoparticle systems. Other than drug delivery, fields such as the biomedical, 
pharmaceutical, cosmetic, electronic and food industries have also benefited from their 
development.3,5,35,55,68 Imperative to grasp is that the end-application wholly influences the 
polymer system design and architecture, and the functionality can either be introduced as a 
block copolymer or as a functional monomer or compound attached to the surface of the PNPs. 
Although some information regarding the preparation of specific FPNPs is available, it is widely 
scattered in literature and restricted to only a few applications. To the best of our knowledge, no 
review exists which considers the different synthetic techniques for FPNPs while considering the 
fundamentals of polymer architecture, particle size and morphology. Current advances in using 
functional polymeric nanoparticles for various applications in the biomedical field play a pivotal 
role, and are duly discussed. 
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Applications of polymeric nanoparticles 
In the following sections, the four approaches, namely block copolymer, surfactant-based, direct 
surface modification, and surface grafting, are discussed.  We will highlight the specific 
requirements of FPNPs to be used in selected applications. 
 
Drug- and gene-delivery  
Most FPNPs are used in drug delivery as these systems represent concurrent candidates for 
drug/ gene encapsulation and site-specific targeted delivery.69,70 Traditionally, drugs were 
delivered through pills or injection among other methods, however, such methods have many 
drawbacks such as undesirable misdistribution of the drug and poor pharmacokinetics.71,72 As a 
result, many approaches have been developed for more efficient systems.34,72,73 FPNPs provide 
an attractive solution to overcome the limiting problems of either just drug encapsulation or 
delivery thereof. Stemming from recent development in nanotechnology that arose as a type of 
drug and/or gene delivery method, the field was revolutionized. Among the various nano-
platforms designed to optimize drug and gene delivery, PNPs show potential mainly because of 
the versatility and the polymers allowing adjustments of the nano-carriers. Consequently, 
several different families of polymers have been developed.58,74–76 However, one needs to keep 
in mind the role the FPNPs need to fill in drug/gene delivery as well as the different possible 
methods of fabricating FPNPs (polymer design), and it is therefore necessary to consider the 
basic design of how FPNPs are built up in conjunction with the various properties which they 
need to have for drug delivery. 
In most cases the FPNPs contain a hydrophobic domain within the FPNPs core to provide 
surface areas for drug harboring and protection against changing environments. The therapeutic 
agent (drug/ gene) is dissolved, entrapped, encapsulated within the FPNP or adsorbed onto the 
FPNP surface, and the PNP itself needs to be non-toxic and biocompatible. Additionally, the 
PNP needs to have a stealth property to reduce immunogenicity, combined with a functionality 
to accumulate at specific sites through the incorporation of targeting moieties specific for a 
receptor or cell surface ligands.77–79 PNPs decorated with PEG chains have shown to introduce 
a stealth property to the PNPs that decreases the amount of plasma proteins attaching to the 
surface of the PNPs and lower the uptake into phagocytes (Figure 5).80,81 However, total 
protection against plasma protein adsorption was not obtained. It is expected that the nature of 
the particle core plays a main role in determining the type and amount of protein adsorbed.80 
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FPNPs utilized for biomedical fields not only carry or encapsulate drug/genes, but contribute to 
being a selective tool towards the area of delivery and release of the drug. The release 
mechanism is designed to deliver the drugs at the tumor sites as pathophysiological change 
occur that trigger drug release.82–85 
FPNPs are excellent tumor-targeting tools because of the inherent properties of tumors. The 
enhanced permeability and retention (EPR) effect includes a way by which nanoparticles tend to 
accumulate in tumor tissue much more than they do in normal tissues due to fast growth, 
perforation and poor drainage of tumors.86 PNPs with stealth properties avoid reticuloendothelial 
uptake and mononuclear phagocytosis, thus allowing longer circulation times of the NPs.87–89 
However, specific targeting seems to be more reliant on the selective adhering of the FPNPs to 
the surface of the target cell and then the internalization of the FPNP, followed by the release of 
the encapsulated drugs. The drug should be released in a controlled manner at specific sites to 
prevent nonspecific drug action on healthy cells and will also be discussed in specific examples 
later. The drug release can be triggered by either a passive or ligand-targeted mechanisms 
(Figure 5).90  
Passive targeting is where FPNPs accumulate in tumor tissue due to the EPR effect through 
leaky vessels that originate from membrane abnormalities and the lack of pericytes lining the 
Figure 5: Schematic presentation of passive vs. active targeting of FPNPs. (A) With passive targeting 
the PNPs extravasate through leaky vessels and preferentially accumulate through the EPR effect at 
the tumor cells. In passive targeting the drugs may be released in the extracellular matrix and get 
released via changes in pathophysiological environments. (B) With active targeting the FPNPs 
actively bind with receptors on target cells or tissue, resulting in specific cellular uptake through 
receptor-mediated endocytosis.105  
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endothelial cells.81,86,91 In the case of passive targeting, the drugs can potentially be released in 
the extracellular matrix and diffuse throughout the tissue, or the FPNPs can be taken up by the 
cells in a non-specific manner. The drug release can be trigged by changes in 
pathophysiological conditions, such as pH, ion (e.g. type and concentration) or temperature. For 
example, the pH of tumor cells were found to be lower than in normal cells, hence, the release 
mechanism is designed to deliver the drugs at the tumor sites as pH lowers that trigger the drug 
release.82–85 Xiao et al., studied the effect of surface charge and hydrophobicity on particle 
uptake, and found that cellular uptake is highly affected by the surface properties of the 
nanoparticles, and the drug is released at the affected sites (e.g. tumor) hence allowing high 
drug concentration. This may enhance the therapeutic efficacy and reduce drug side-effects.92 
Ligand targeting is based on the conjugations of a ligand to the carrier (e.g. FPNPs) that binds 
with a specific receptor at targeted sites, which generally involves receptors that are 
overexpressed by tumor cells.93–95 These ligands include proteins (transferrin)96–101, nuclei acids 
(aptamers)102 or others (peptides, vitamins or carbohydrates)88,103,104. Although the drug release 
of most of these FPNPs fall under the ligand targeting and release, very little is mentioned 
regarding the actual mechanism allowing the drugs to be released at the targeted site, and this 
topic deserves more attention. Despite the preferential accumulation of the FPNPs in tumor 
tissue by the EPR effect, the added functionality to the surface of the PNPs enhances tumor-
specific localization of the FPNPs. In addition, it allows targeting of much smaller and earlier 
stage tumors.81,105  
Research in targeted drug delivery is based on; firstly, the encapsulation of the drug using 
micelles that encapsulate the drug within the internal structure and then upon solvent removal 
FPNPs are fabricated, and secondly the targeting of the encapsulated drug to specific regions, 
making targeting and encapsulation within the same structure more advanced, thus resulting in 
more advanced synthesis.  
Through using the concept of FPNPs and the synthesis technique appropriate for the 
application, the encapsulation of drugs or genes are possible through using a nanoprecipitation, 
emulsion polymerization or micellar formation technique. Combined with the modification of the 
original polymer to introduce a targeting ligand, for the ability to deliver these FPNPs to a site of 
interest, the synthesis becomes complex. We wish to show, with the examples that will follow, 
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Block copolymers 
The benefit of block copolymers is that the functionality can be conjugated to one of the chain 
ends, and in the presence of a drug, upon solvent evaporation, directing such functionalities to 
the outside of the micellar structure while encapsulating the drug.45  One of the most widely 
employed hydrophilic segments is poly(ethylene glycol) (PEG). Hydrophobic segments include, 
poly(D,L-lactic acid-co-glycolic acid) (PLGA)80,106,107, poly(D,L-lactide) (PLA)80,108, poly(Ɛ-
caprolactone) (PCL)80, poly (N,N-dimethylaminoethyl-methacrylate) (PDMAEMA)109 and 
poly(benzyl malolactonate) (MLABe)41 used to fabricate PNPs.  
A very well researched and used approached, is the biotin-avidin interaction for biological 
conjugation.46,108,110 
Biotin binds to avidin with extremely high affinity and high rates. Using block copolymers, the 
functionalization of the free chain-end of the hydrophilic block with a biotin moiety (Figure 6A) 
allows the further modification using avidin (Figure 6B). Targeting ligands/ enzymes/ antibodies/ 
proteins can be conjugated to biotin to allow another biotin-avidin interaction onto the surface of 
particles (Figure 6C). In the section that follows (and Table 1) we show how various groups are 
employing this approach, varying the hydrophobic block, the encapsulated drug and the 
targeting ligand attached to biotin. 
 
 
A C B 
Figure 6: Illustration of block copolymer system used regularly for drug delivery purposes. The 
functionality is introduced to the hydrophilic segment as biotin (A), an avidin-biotin interaction is utilized 
(B). The presence of avidin on the surface of the FPNPs allows the further functionalization of the FPNPs 
in various ways (C).  
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For example, Gref et al. have fabricated biotin functionalized PNPs from amphiphilic copolymers 
through self-assembly.110 Initially, the amphiphilic copolymer was synthesized using a 1,1'-
carbonyldiimidazole (CDI) coupling reacting between diamino-PEG and biotin. The modification 
of the PEG chain was followed by the polymerization of PCL onto the PEG chain, initiated by 
the terminal amino group that resulted in a PCL-b-PEG-biotin amphiphilic copolymer. Following 
emulsification, self-assembly of block copolymers and solvent removal, FPNPs with an average 
particle size of 100 nm were obtained with biotin moieties on the hydrophilic segments 
orientating to the outside of the particle. Further addition of functionalization occurred via the 
introduction of an avidin moiety and a biotinylated targeting ligand. The targeting ligand, a 
biotinylated carbohydrate-recognizing lectin, wheat germ (WGA), was added to the avidin 
moieties that specifically recognizes carbohydrates located on various cell surfaces and was 
shown to increase cellular interactions and uptake 12-fold.  
In a similar study, to show the versatility of the block copolymer  approach, paclitaxel (PTX) 
were directly encapsulated within biotin-FPNPs.108 These anticancer, drug-harboring FPNPs 
were produced through the micellar self-assembly of PCL-b-PEG-biotin block copolymer in the 
presence of the drug. Upon self-assembly into the micelles and subsequent solvent 
evaporation, nanoparticles with entrapped drug, and biotin moieties orientated on the outside on 
the FPNPs, were produced with diameters ranging from 88-118 nm. These biotin-FPNPs were 
incubated with cancer cells. Cancer cells over-express the biotin receptor, that resulted in high 
cytotoxicity for cancer cells compared to healthy cells.  
In addition to the functionality being introduced via a biotin-avidin interaction, covalent 
attachment of the functionality to the block copolymer is also possible and shown in a study by 
Yao et al.111 PLGA-b-PEG and PLGA-b-PEG-maleimide block copolymers were synthesized 
and an emulsion (O/W) produced using two immiscible solvents. During emulsification, the drug 
minocycline, used for epithelial cell-targeting leading to the treatment of chronic periodontitis, 
was encapsulated within the PLGA-b-PEG micellar structure, followed by solvent evaporation 
producing PNPs with the encapsulated drug, and PEG and maleimide-PEG to the outside of the 
particles (Figure 7A). The maleimide functionality on the surface of the PNPs allows conjugation 
to a thiol containing cyclic-RGD peptide via a thiol-maleimide click reaction (Figure 7B and 
Figure 7C). Particle size analysis showed particles to be 98 nm in size that increased to 106 nm 
after the conjugation to RGD peptide. Cellular uptake was increased 3-fold with the presence of 
the RGD peptide on the PNP surface and the drug was gradually released, and the effective 
drug concentration was maintained for 14 days.  
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Hyaluronic acid (HA), a natural occurring anionic polysaccharide, is found in the extracellular 
constituents of connective tissues and has been extensively studied for biomedical and 
pharmaceutical applications. HA has been studied as a targeting ligand for drug delivery as 
various cancer cells overexpress the HA receptor CD44.112,113 In the work of Han et al., HA and 
PCL were utilized as an amphiphilic block copolymer that was conjugated with 2-(pyridyldithio)-
ethylamine (PDA) (Figure 8). The PDA can induce crosslinking in the presence of catalytic 
amounts of dithiothreitol (DTT) via bioreducible disulfide linkages. HA was reacted with 
propargylamine to obtain alkyne containing HA (alkyne-HA) and PDA was attached onto the -
alkyne-HA polymer backbone via an EDC coupling reaction (Figure 8, PDA is the red dot). The 
hydrophobic block, PCL, was synthesized via a ring opening polymerization and at the hydroxyl 
end, reacted with TosCl, and modified using sodium azide to yield an azide end group (PCL-N3). 
A block copolymer was prepared by click chemistry between the alkyne and azide groups. 
Owing to its amphiphilic nature, the copolymer self-assembled into micelles in an aqueous 
solution. DOX was loaded into the FPNPs using an emulsification method. DOX was dissolved 
in chloroform, with equimolar trimethylamine. The solution was added to an aqueous solution of 
HA (PDA)-PCL block copolymers in the presence of DTT, leading to the formation of a O/W 
emulsion. Upon solvent evaporation drug-habouring HA-FPNPs were obtained with an average 
diameter of 200 nm. As a result of crosslinking, these FPNPs showed to be highly stable in 
aqueous solutions. 
A C B 
Figure 7: Illustration of the block copolymer approach with the functionality added covalently. A) 
Maleimide functionalized-FPNPs habouring encapsulated drug. B) The maleimide moieties allows the 
introduction of RGD moieties via a thiol-maleimide click reaction. C) The conjugation between the 
maleimide functionality and the cyclic RGD peptide is shown. Structures are not drawn to scale.  
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Drug release was facilitated in the presence of glutathione, a thiol-containing tripeptide capable 
of reducing disulfide bonds in the cytoplasm, mimicking the reductive intracellular environments 
under physiological conditions (pH 7.4). The DOX-loaded bio-reducible FPNPs greatly retarded 
the drug release, whereas the drug release rate was markedly enhanced in the presence of 
glutathione. These FPNPs showed to be highly effective tumor-targeting nanocarriers and had 
improved stability in the bloodstream and enhanced tumor-targeting. Although this method 
shows promising results, monomers need to be carefully selected, as thiols or protected thiols 
must be incorporated in the backbone of the block copolymer. 
One major benefit of this method is that fine control over the amphiphilic block copolymers is 
possible, but the number or density of ligands has not been well discussed in the literature. 
Various polymer systems and functionality added to the block copolymer, based on this method 
of FPNP synthesis is referred to in Table 1. A main drawback of the block copolymer route is the 
fact that multiple steps are required, even though the idea is very straightforward. Targeting 
other sites, other ligands and ultimately different chemistries are required, which will need 
multiple wet-chemistry steps. Another phenomenon that was observed is that NPs coated with 
PEG created a “stealth” surface, that is good for prolonged circulation. However, high ligand 
densities can cause masking of the PEG layer, compromising the “stealth” properties in vivo and 
causing an increased PNP accumulation in the liver and spleen.114,115 There are potentially a 
multitude of factors responsible for an efficient cellular uptake with low toxicity. A drawback of 
using a polymer, such as PLGA, that is familiar within drug delivery applications, is that difficulty 
is associated with synthesizing copolymers, due to the lack of functional groups on the polymer.  
Although the block copolymer route of synthesizing FPNPs is well documented and used, this 
approach presents potential exposure of the drug-loaded-NP to hydrolysis and the denaturation 
of ligands, depending on the polymer used.116–118 
Figure 8: Schematic illustration of the synthesized PDA-conjugated HA-b-PCL copolymer.113  
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Table 1: FPNPs that is utilized using the block copolymer synthesis method for drug/gene delivery.  
FPNPs Functionality 1 Functionality 2 Drug release mechanism Ref 
PLA-PEG-A10 
PSMA 
Prostate-specific membrane antigen (LNCaP cells) DEX 





“Stealth” property against blood proteins PEG - 80 
DOTA-MMA-PEG-
RDG 
Bind to Rvβ3 integrin and DOTA to complex with 
imaging 64Cu 
RDG - 68 
PLGA-PEG-A10 
PSMA 
Avidin-Biotin interaction – Introduced avidin to 
biotin for recognition of biotin overexpressed on 
cancerous cells. 












Streptavidin-biotin interaction – Introduced avidin 
to biotin for recognition of biotin overexpressed on 
cancerous cells or for conjugation with RDG for 
binding with hepatotropic peptides 
DOX 
Ligand targeting – 




RNA aptamer targeting the prostate-specific mem- 
brane antigen (PSMA) on the surface of prostate 
cancer (PCa) cells 
PTX 





NR7 peptide binding to EGF domain, enhancing 
cellular uptake and inhibiting growth 
DOX 
Ligand targeting – 





Targeting ligand to bind to EGFR DOX 





Targeting ligand to bind to EGFR Gemcitabine Ligand targeting - peptide 122 
PCL-(PDA)-HA HA receptor - CD44 DOX 






HA receptor - CD44 and tumor-homing penetrating 
peptide tLyP-1 
PTX 




Antiepidermal growth factor receptor monoclonal 
antibody cetuximab 
PTX 





Cyclic-RGD-biotin. Introduced via a streptavidin 
bridge 
Biotin Ligand targeting - peptide 125 
M-PLGA-TPGS 
Inhibit P-glycoprotein (P-gp) to increase 
permeability through cell membranes 
DOX + PTX 
Inside cell. Passive 
release. Diffusion 
followed by degradation 
126 
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Transfection of cells via mannose receptor on 
P388D1 macrophages and asialoglyco protein 
receptor on HepG2 human hepatocytes 
DNA 





Folic acid (FA) inducing FA mediated endocytosis DOX 





In this section, the functionality is introduced via a surfactant that physically adsorb onto the 
surface of the particle. This technique is also called Interfacial Activity Assisted Surface 
Functionalization (IAASF). PLGA polymer particles are the most researched particles for this 
approach, and the unique combination of control over the synthesis of PLGA into NPs and 
PLGA being physiologically compatible, makes PLGA a preferred choice. The drawback of 
using PLGA is that the polymer lacks chemical functional groups for further functionalization. 
This severely hinders the use of PLGA for traditional conjugation. The pioneering work of 
Fahmy (Figure 9), using surfactant-based incorporation of a target ligand via an avidin 
functionalized-fatty acid conjugates onto PLGA PNPs, inspired more syntheses of FPNPs in a 
more controlled manner.129 The idea of his work was that the fatty acid (palmitic acid)  
 
preferentially associates with the hydrophobic PLGA matrix of the microparticles (Figure 9B) 
rather than with the external aqueous environment, facilitating a prolonged presentation of 
avidin (target ligand) over several weeks. Because of his work, various studies were based on a 
Figure 9: Overall scheme indicating the fabrication of surfactant-covered PNPs. PLGA particles with 
palmitoylated avidin. (A) Conjugation of palmitic acid to avidin and (B) incorporation of avidin–palmitate 
to the surface of PLGA particles using a double emulsion-solvent evaporation method.129  
A 
B 
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similar technique, using very similar chemistries, but conjugating other polymers or targeting 
ligands to the avidin functionality as will be shown next in this review.  
Park et al. synthesized FPNPs and adopted a similar approach to synthesize FPNPs, similar to 
PLGA-palmitic acid-avidin nature, decorating the avidin-PNPs further with monoclonal 
antibodies that target CD4+ T lymphocytes.116 These FPNPs showed targeted delivery of 
cytokine therapeutics to CD4+ cells. During the emulsification, DOX was also encapsulated. 
The same group varied the fatty acid lipophilicity and found that the fatty acid, linoleic acid, 
provided the highest density of avidin displayed on the nanoparticle surface.130 Additionally, the 
higher the avidin density, the higher the ligand binding capacity and functionality. To decrease 
the adsorption of plasma proteins to the surface of the avidin-PNPs, biotinylated-PEG chain 
ends were introduced via the avidin moieties on the surface. During emulsification, DOX was 
also encapsulated, and spherical particles with an average diameter of 130 nm were obtained 
with a smooth and spherical surface. These drug encapsulated-FPNPs showed improved 
circulation and approximately 3% of the initial dose of PNPs was still detected in the serum 48 
hours after initial administration, and enhanced the transport across mucosal barriers.  
As shown in the work above, the versatility of the surfactant-covered method is the ability to 
easily assess surface modifications, such as the attachment of biotinylated antibodies, 
aptamers, or proteins for active targeting purposes, allowing for the site-specific delivery of 
drug-loaded PNPs to targeted cells and tissues. Even combinations of ligands can be attached 
in precise fashion at any point after particle manufacture and storage, allowing introduction of 
multiple functional groups, bettering the designed system and end application. Importantly, this 
methodology enables titration of targeting ligands and thereby precise control over the surface 
properties and coverage.  
FPNPs have also been synthesized by a combination of homopolymer and an amphiphilic block 
copolymer instead of a surfactant at the interface of the PNP surface during processing. Patil et 
al. introduced a block copolymer  (PLA-PEG) to an oil/water emulsion while PLGA PNPs were 
formulated (Figure 10).39 
Initially, functional PEG-PLA block copolymers were synthesized through esterification of HO-
PEG-OH with different fractions of folic acid (FA) and biotin, which serves as a site-targeting 
ligand. The produced FA-PEG-OH and biotin-PEG-OH, were then extended through ring-
opening polymerization to produce FA-PEG-PLA or biotin-PEG-PLA block copolymers. FPNPs 
were then obtained via emulsification of these block copolymers in combination with PLGA and 
PTX producing PTX-encapsulated FA-PNPs or biotin-PNPs, of 100-150 nm, upon solvent 
evaporation. The PLA block of the copolymer partitioned itself into the more hydrophobic PLGA  
Stellenbosch University  https://scholar.sun.ac.za
 
 
27 | P a g e  
 
polymer resulting in PNPs with PEG chains on the surface. Data from in vitro drug delivery 
experiments showed that the use of these FA-PNPs and biotin-PNP enhanced particle 
accumulation inside tumor cells, hence improving efficacy of PTX delivery. 
Chittasupho and Fakhari formulated DOX-loaded peptide-PNPs targeting immunologically 
active receptors, by attaching cyclo-(1,12)-PenITDGEATDSGC (cLABL) peptide to the PNP 
surface. cLABL is derived from the leukocyte function associated antigen-1 (LFA-1) and has 
shown to inhibit homotypic and heterotypic T-cell adhesion.131 The particles were fabricated via 
solvent displacement method using a combination of PLGA and carboxyl (or hydroxyl)-
terminated pluronic F-127 as surfactant. Upon particle formation, and the presence of DOX, the 
hydrophobic block of the pluronic acid interacts with the PLGA forming the DOX-loaded core of 
the PNPs while the hydrophilic blocks, with functional groups, decorate the surface of the 
particles. Cyclo-(1,12)-PenITDGEATDSGC (cLABL) peptides were chemically conjugated, after 
PNP formation, via the amine functionality on the peptide, to the activated carboxyl groups on 
the pluronic surfactant. PNPs with an average diameter of 70-160 nm were synthesized. The 
DOX-loaded FPNPs showed more rapid cellular uptake by A549 lung epithelial cancer cells 
compared to PNPs without peptide.132,133 Refer to Table 2 for more examples where the 
surfactant-covered technique is used to synthesize FPNPs. 
Figure 10: (A) Amphiphilic block copolymer in an oil/water biphasic system. (B) Introduction of PLA–
PEG and PLA–PEG–ligand conjugates during the emulsification fabricating FPNPs with PEG and 
PEG–ligand on the surface. Hydrophobic blocks (PLA) are shown as a series of brown circles while 
hydrophilic blocks (PEG) are shown as a series of blue circles. (C) The effect of folic acid and biotin 
incorporation on FPNPs accumulation in different breast cancer cells. Ligand-FPNPs are taken up 
extensively compared to PNPs.39 
C 
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The surfactant-covered method of synthesizing FPNPs is much easier, more general and more 
flexible than the block copolymer method. Therefore, because of these benefits, this strategy 
promises widespread utility in modifying the surface of polymer-based NPs for applications in 
drug delivery and tissue engineering. The benefit of the versatility also comes with a drawback 
in the sense that a copolymer instead of surfactant can be used, which needed to be well 
defined (as discussed in the block copolymer section) and might need multiple modification 
steps to introduce the functionality. Another major drawback of this method of producing FPNPs 
is that the ligand containing functionality are covalently bound to the copolymer, but the 
incorporation/ adsorption onto the PNPs still relies on non-covalent interaction and targeting 
ligands present may decrease with time due to desorption or degradation.129  
 
Table 2: FPNPs synthesized using the surfactant-covered synthesis method.  




DNA - 56 
PLGA-PLA-PEG-FA/Biotin 




Ligand targeted – 
internalization and 
degradation of PLGA 
PNPs releasing drug 
39 
PLGA-palmitic-avidin 
Avidin-biotin conjugation for further 
ligand functionalization 
BSA Passive release  129 
PLGA-fatty acid-avidin-biot-
HRP  
Signal amplication to determine % 
avidin functionality 
Cell interactions - 116 
PLGA-palmitic-avidin-biotin-
PEG 







Ligand for intercellular cell adhesion 
targeting ICAM-1 
Doxorubicin 
Ligand target – peptide 
(internalize after 
binding to ICAM-1) 
132 
PLGA-pluronic-cLABL 
Ligand for intercellular cell adhesion 
targeting ICAM-1 
- 
Ligand target – peptide 
(internalize after 




Targeting of CD4+ T lymphocytes Cytokine 




Folic acid for binding to folate receptors 
in prostate cancer cells 
Bicalutamide  Ligand targeted  135 
Chitosan-BMP-2-PEG Promote bone healing - BMP-2 (glycoprotein) 136 
PLGA-PEO(pluronic)-NH2 
Binding of additional Boc-Phe-OH and 
Fmoc-Phe-OH 
- Conjugations 137 
 
Particle surface modification 
The adsorption or covalent coupling of functional material to the surface of the nanoparticles 
can render functional PNPs. These agents can include polymers, carbohydrates, peptides, 
proteins, nucleic acids, ligands and small functional molecules.1,6,14,35 Alex et al. synthesized 
PNPs based on using poly (styrene-alt-maleic anhydride) (PSMA) grafted with various cationic 
moieties onto the polymer backbone for intracellular gene delivery. In this study, PSMA (e.g. 
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St:MAnh of 2:1) were initially modified with various amines containing quaternary ammonium 
cations (e.g. aromatic (isonicotinic acid), aliphatic (glycidyl trimethyl ammonium Cl) and cyclo 
aliphatic (1-(2-aminoethyl) piperazine) quaternary ammonium moieties). These compounds, 
respectively, have properties that include biocompatibility, DNA complexing ability and 
enhanced gene delivery. The modified polymers were then used to fabricate nanoparticles 
through nano-precipitation and sonication, producing particles of 70-120 nm.  
Bio-inspired polydopamine (pD) and tannic acid (TA) have been utilized for the surface 
functionalization of PNPs via conjugation with various ligands, such as folate and transactivator 
of transcription (TAT) peptide, to only name a few, producing FPNPs.50,59,108,138  
Abouelmagd et al. synthesized PLGA-pD and TA coated FPNPs via first a single emulsion 
solvent evaporation method, and then coating the particles with both pD and TA by incubating  
 
the particles in the respective compound (Figure 11). The functionalized particles were used for 
cellular uptake, translocation across the endothelial cell layer, and interaction with cells having 
an acidic pH. The use of such functionality enhanced interaction between the PNPs and the 
targeted cells based on ligand-specific mechanisms.50  
Generally, either lipid- or polymer- based nanoparticles carriers have been formulated for gene 
delivery applications, where they induce long circulation times and provide excellent gene 
complexation efficiency. However, the use of polymer-based carriers has many advantages 
over lipid-based carriers due to their stability and accessible chemical modification for targeted 
delivery as well as possible water solubility. Refer to Table 3 for more examples where surface 
modification of particle surfaces is utilized to synthesize FPNPs. 
 
 
Figure 11: Synthetic route for the synthesis of TA-decorated FPNPs and the addition of ligans.50 
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Table 3: FPNPs synthesized using the direct surface modification method. 
FPNPs Functionality 1 Functionality 2 Release mechanism Ref 
PSMA-grafted L-arginine 
and spermine  
Intracellular gene delivery DNA Endosomal rupturing due to pH 139 
PLGA-pD/TA 
Ligand conjugation with folate, 




Ligand targeted and pH 
dependent release  
50,59,140 
 
Other applications  
Having different polymer architectures in mind and considering the role the FPNPs need to fill in 
a specific application, one can design a FPNP for different applications and fields outside of 
drug/gene delivery as will be shown next in this review. 
 
Copolymers 
Novel molecularly imprinted conductive polyaniline (PANI) NPs were fabricated using an 
amphiphilic copolymer poly(2-acrylamido-2-methyl-1-propanesulfonic acid-co-styrene) 
(P(AMPS-co-St)), prepared by radical copolymerization of the hydrophobic monomer styrene 
(St) and the hydrophilic AMPS (Figure 12).141 Molecular imprinted PNPs were synthesized via 
the self-assembly of the copolymer in the presence of template molecules (paracetamol (PCM) 
and aniline) using water as nonsolvent. The solution was mixed for 30 minutes to allow to 
associate with the micelles owing to their interactions. Ammonium persulfate (APS) was added 
and stirred for another 24 hours over ice. Acetone was used for PNPs precipitation. Freeze 
drying was used to obtain molecular imprinted PANI PNPs. The PANI NPs were directly cast 
onto an Au electrode by microsyringe and dried in the air. Finally, the template molecules were 
removed from the film by extraction with a mixture of acetic acid and methanol at a ratio of 1:9 
(v/v) overnight, leading to an imprinted PANI sensor with high selectivity toward paracetamol. 
For additional examples of FPNPs synthesized using the copolymer technique, refer to Table 4. 
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Table 4: FPNPs synthesized for applications outside of drug delivery using the block copolymer method 
FPNPs Functionality 1  Functionality 2 Reason Ref 
2-oxazolines-1°or 2° amine Amine for further functionalization - - 35 
MLABe-b-PEG-biotin 






Negative and positive charged – 





P(AMPS-co-St) Paracetamol imprinted  - Detecting paracetamol 141 
PAGEC-PPC-PAGEC Alkyne  
Functionalities can be “clicked” 




FPNPs synthesized using purified horseradish peroxidase (HRP) adsorbed on PEGylated 
polyurethane (PU-PEG) NPs are utilized for the determination of pharmaceutical products.143 
The NPs were prepared by mini-emulsion technique. Briefly, the monomer mixture containing 
diisocyanate, polyol, PEG and hydrophobic olive oil was added to the aqueous phase containing 
the surfactant. Nanodroplets were formed under high shear and the resulting dispersions were 
allowed to polymerize at 60 ºC for 4 hours to produce the polyurethane NPs having PEG on 
surface. Although Gref et al. showed that PEG decreases the adsorption of proteins to the 
surface, it was also shown that the core of the PNP influence the nature and the extent of 
Figure 12: Schematic illustration of the synthesis route for molecular imprinted PANI NPs and the 
fabrication of imprinted PANI sensor.141 
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protein adsorption.80 In this study it was shown that HRP was adsorbed via electrostatic 
interactions.  
The influence of enzyme immobilization on the catalytic activity of HRP was studied and the 
FPNPs were applied for the determination of dopamine detection in pharmaceutical products. 
The enzymes also were shown to retain at least 50 % of their activity over more than 50 days.  
 
Particle surface modification 
Core FPNPs with highly reactive functional groups on the surface were used for further 
modification to allow the extraction of biomolecules from dilute solutions. In Chapter 8, we 
describe the synthesis of particles using a surfactant-free dispersion polymerization technique.  
Styrene (St), divinyl benzene (DVB) and maleic anhydride (MAnh) were copolymerized in a 
mixture of methyl ethyl ketone and heptane as solvents. Tunable particle sizes and 
morphologies could be fabricated. The MAnh-FPNPs particles already render functional groups 
on the surface, and for specific applications these functional and reactive groups in the form of 
DVB and MAnh could be used for the addition of extra functionality needed. For the extraction of 
biomolecules, the particles were modified with a boronic acid moiety, as well as surface grafted 
with a monomer having a tetraphenylborate functionality. These particles showed to 
successfully extract norepinephrine and octopamine from dilute solutions.  
Reductively degradable crosslinked glyco-particles for protein conjugation, between the proteins 
on E. coli and glycopolymers, were synthesized by Ting et al. (Figure 13).144 Glucose bearing 
glyco-particles were prepared via a one-step crosslinking emulsion polymerization of styrene via 
a glucose RAFTstab (reversible addition-fragmentation chain transfer colloidal stabilizer). The 
RAFTstab was produced from the monomer 2-(methacrylamido) glucopyranose (MAG) and the 
hydrophobic trithiocarbonate RAFT agent S-(methoxycarbonylphenylmethyl)-S’-
dodecyltrithiocarbonate (MCPDT). To obtain glyco-particles, a degradable bis(2-
acryloyloxyethyl)disulfide crosslinker (disulfide diacrylate, DSDA) was employed in the emulsion 
polymerization. Reductive degradation occurred upon the introduction of 1,4-dithiothreitol 
(DDT). Although the RAFTstab platform had to be optimized and will need to be further 
optimized if another polymer system is chosen, the glucose moieties were shown to still be 
bioactive after the reaction, tested using two classes of lectins, namely plant lectin 
(Concanavalin A, Canavalia ensiformis) and bacteria lectin (fimH, from Escherichia coli). 
Successful binding was demonstrated, indicating these particles can be “smart” materials in 
biological systems. 
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Dang et al. prepared PNPs, for catalytic reduction experiments, that fall under the FPNPs 
definition, although they did not mention the PNPs to be FPNPs.145 FPNPs were prepared by a 
dispersion polymerization technique, starting with PVP added to a water/ethanol mixture and an 
aqueous mixture of styrene, acrylic acid and divinylbenzene. These two mixtures were mixed 
and polymerization was carried out at 70 C. The obtained PNPs were redispersed and 
polyamidoamine (PAMAM) dendrimers were grafted onto the surface of the PNPs via an 
amidation of ethylenediamine (EDA) to the carboxylic groups followed by a Michael addition of 
methyl acrylate (MA). FPNPs, with a diameter of 450 nm and a PAMAM dendrimer shell were 
synthesized and used as packing particles for a catalytic column. 







Figure 13: Schematic glyco-particles synthesized via the disulfide bond using glucose RAFTstab in 
emulsion polymerization. A) Fluorescent microscopy images of GFP E. coli mixed with latex glycol-NPs 
without addition ligand and B) with 0.01 M ligand. Scale bar =10 µm. 
Stellenbosch University  https://scholar.sun.ac.za
 
 
34 | P a g e  
Table 5: FPNPs synthesized for applications outside of drug/gene delivery by direct surface modification. 
FPNPs Functionality 1  Functionality 2 Reason Ref 
PS-Polyelectrolyte  pNiPAm  Purification of proteins 40 
MAG-St-DSDA 
Bind to ConA protein blocking fimH 
protein on E. coli 
MAG 
Passive targeting - reductive 
environment 
144 
PLA-GMA(SDS-RhB) Rhodamine B  - 
Internalization of fluorescent 
NPs 
146 
Suc-PLGA-Chol Sucrose targeting function - Cellular uptake  147 
PDMS-gPEA Jeffamine L100 (polyetheramine) PDMS-gPEA Separation of dyes 148 
PS-AA-dendrimer PAMAM dendrimer - Catalytic column 145 
 
Self-assembly of FPNPs 
The utilization of FPNPs in the construction of much bigger structures for the transport or 
delivery of encapsulated material is a novel field that is only recently exploited.149–151 In a recent 
study, which was the first of its kind, inorganic nanoparticles were functionalized and crosslinked 
at the interface with encapsulated material inside of the capsule.152,149 This background 
motivated the study undertaken by the authors of this review to fabricate FPNPs for similar work 
and take advantage of PNPs, bringing to the table the polymer and forming the basis for the 
final structure to be designed and modified to produce already functionalized and/ or reactive 
PNPs. In Chapter 5, FPNPs were synthesized to render boronic acid moieties on the surface 
and by using inverse Pickering emulsion droplets as template, the stabilizing particles at the 
interface were crosslinked using a complementary group to the boronic acid in the form of a 
multi-diol compound, starch. In Chapter 6 these structures were further utilized for the 
encapsulation of viable bacteria as the capsules showed to be permeable and the capsule wall 
was degraded upon an introduced trigger. Although this work is only starting to gain traction, we 
need to look beyond FPNPs to the possibility of constructing well-defined structures using the 
FPNPs. As FPNPs can form the basis of larger constructs we need to consider some of the 
challenges that one may endure in synthesizing FPNPs. 
Challenges regarding FPNPs 
The selection of polymer is critical for the specific application it will be used for. Thus, the 
technical challenge of FPNPs is the functionalization as most PNPs have limited reactive 
groups, if any, on the surface. Typically, the surface modification is done by chemical reactions 
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involving coupling agents and purification steps. Since the reagents required in these 
modification reactions can introduce toxicity issues, it can limit the possible uses of the PNPs. In 
the case of preformed functional polymers, ligand conjugation may change the properties of the 
original polymer, and therefore, compromise the desired end application.  
It is challenging to design systems to incorporate functionality while maintaining easy 
preparation and low cost. Many factors must be considered when deciding which polymer and 
functionalities are needed. Of course, the application is the most important aspect. Thereafter, 
one must consider the physico-chemistry of both the PNPs and the functional group; the PNPs 
compatibility towards the application; the attachment conditions (the required pH, solvent and 
temperature); the need for any further modifications on the polymer, and in this case what type 
of functional groups are needed. When attaching bioactive groups, such as peptides, the activity 
of these groups must be preserved post-conjugation.  
The current methods for the incorporation of ligands onto the surface of the PNPs involve 
chemical conjugation to preformed nanoparticles, or preforming a polymer containing the 
functional groups and subsequently forming PNPs.39 The drawback of functionalizing the 
surface of PNPs is that the typically obtained nanoparticles often lack available functional 
groups for modification.  
Remarks 
PNPs hold the possibility to provide versatile surfaces for numerous applications in different 
fields. Depending on the application one would need to modify the various surfaces for the 
desired outcome. In this review, we have seen how different polymeric nanoparticles are 
synthesized with the possibility to be further modified to introduce additional functionality.  
The major conclusions that can be drawn from the available research on FPNPs are that mainly 
block copolymers either consisting of PLGA, PCL and PEG have been investigated for the 
synthesis of these FPNPs. The vast majority of functional groups have been added via the 
addition of a biotin group. The conjugation between a biotin and (strept)avidin are among the 
strongest known biological interactions, and biotinylation has been widely used in surface 
functionalization.47 Thus, this method provides a good foundation for further investigations of 
FPNPs. However, still very few FPNPs exist. Well-defined polymeric nanoparticles have 
attracted considerable interest over the past decade due to their potential application in drug 
delivery and diagnostics and many other areas in material science. Most of them are used for 
drug delivery and are formulated using self-assembly from pre-formed polymers. The major 
drawback of self-assembled nanoparticles as drug carriers include stability and target efficiency. 
Stellenbosch University  https://scholar.sun.ac.za
 
 
36 | P a g e  
This includes premature drug release; release of the encapsulated drugs at nonspecific 
locations which may cause undesirable toxicity to healthy organs; and lower therapeutic 
efficacy, leading to the need for higher therapeutic dosages, which in turn increases the 
undesirable toxicity and side effects to healthy organs. Although, there is a large scope for 
applications for FPNPs, the challenges of functionalization of PNPs need to be addressed for 
these particles to live up to their full potential. 
Conclusions 
The combination of nanotechnology and polymers allows for the design of extremely useful and 
unique materials in various applications. The first section of this review has provided information 
about general PNPs and the design and thought process behind FPNPs. Subsequently, this 
review has focused on various architectures/ FPNP designs that are followed to ultimately 
fabricate FPNPs. The discussed architectures include block copolymers, surfactant/block 
copolymer interaction with particle surfaces, and the surface modification of preformed PNPs. 
The FPNPs have been applied as drug/gene delivery carriers, biosensors, extraction tools for 
pharmaceutical molecules, dyes and proteins, cell interaction mediators, radiotracers, and 
particles for catalytic packing columns. Due to the main applications of FPNPs in various fields, 
the demand for such materials is of high importance. As has been demonstrated in this review, 
there has been considerable research especially in the drug/ gene delivery methods using 
FPNPs as carriers for small and larger molecules. Not only is the medical field taking advantage 
of the developments, but various other fields are able to benefit. Each individual application 
needs special attention, rigorous research and careful design to fabricate FPNPs specifically for 
that application.  
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Synthesis of functional polymeric nanoparticles 
The results obtained from the various aspects of the synthesis of functional polymeric 
nanoparticles is presented in this chapter. The synthesis of functional polymeric nanoparticles is 
discussed, investigating the particle size and morphology as a function of various parameters 
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Synthesis and characterization of poly (styrene-co-divinylbenzene-co-maleic 
anhydride) nanoparticles produced via surfactant-free dispersion polymerization 
 
Abstract 
Well-defined, functional polymeric nanoparticles (FPNPs) have a diverse range of applications 
in fields including electronics, catalysis, pollution control, environmental technology, 
pharmaceuticals and drug delivery. In this chapter, we report on the development of a one-pot 
synthesis method of FPNPs, fabricated through surfactant-free dispersion polymerization in a 
methyl ethyl ketone (MEK): heptane (Hept) mixture with 2,2’-azo-bis(isobutyronitrile) (AIBN) as 
initiator and butane-1-phenylethyl trithiocarbonate (BPT) as optional reversible 
addition−fragmentation chain-transfer (RAFT) agent. Monodispersed nanoparticles with tunable 
sizes and morphologies were obtained with diameters ranging from 100 nm to 1100 nm. Varying 
experimental parameters such as the monomer addition rate, monomer-, RAFT agent- and 
crosslinker concentrations, the feed ratio and solvent composition, allowed particle surface 
morphology and size to be adjusted. The resulting FPNPs were characterized using a field 
emission gun scanning electron microscope (FEG-SEM) and attenuated total reflection Fourier 
transform infrared spectroscopy (ATR-FTIR). Highly crosslinked FPNPs were obtained with 
varying sizes depending on the reaction conditions. Additionally, divinylbenzene and maleic 
anhydride introduce reactive and functional surface groups in the particles. The particles were 
found to be highly porous.  
Introduction 
Functional polymeric nanoparticles (FPNPs) have drawn great interest in the last few years due 
to their potential applications in advanced research fields such as biomedicine, optical-, 
information-, electronic- and environmental technologies.3,1–3 However it is still a challenge to 
control the size and size distribution of FPNPs while simultaneously obtaining selective 
chemical compositions and reactivity. Traditionally, many efforts have been devoted to the 
production of FPNPs, including techniques such as emulsion polymerization, mini- and micro-
emulsion polymerization, precipitation and dispersion polymerization, solvent evaporation, 
interfacial polymerization, spray drying and salting out.2,4–9 However, most of these techniques 
need expensive equipment, or/ and consist of multistep-reactions and complex post-processing 
steps to include extra functionalities or reactivity in the polymeric nanoparticles (PNPs). Thus, 
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the development of novel techniques to synthesize FPNPs in a cost effective and simple way 
are in high demand.  
Dispersion polymerization was selected as the FPNP synthesis technique as it is a simple, one-
pot technique that allows various experimental parameters to be optimized. In dispersion 
polymerization, the monomer and initiator concentration is generally high, with the solvent being 
the major locus of polymerization. During the early stages of the polymerization, nucleation 
proceeds through the flocculation of soluble polymerizing species.  
To better understand the driving forces for the nanoparticle (NP) formation, the basic 
thermodynamics of these systems must be considered. Gibbs free energy is used to explain NP 
formation and growth. Gibbs free energy involves entropic and enthalpic desolvation.10–12 As 
heat is applied, the initiator forms free radicals, and depending on entropic and enthalpic 
desolvation, particle nuclei form.13 Gibbs energy is given as ∆Gmix = ∆Hmix - T∆Smix and the 
dissolution of the polymer chains are contributed by entropy and enthalpy. ∆Hmix – enthalpic 
desolvation – is when the polymer-polymer interactions are more favourable than the polymer-
solvent, causing ∆Gmix to become positive and polymer precipitation occurs. The second part of 
dissolution is the ∆Smix - entropy term – that occurs due to the crosslinking reaction itself. The 
crosslinking causes a large decrease in free mixing of the polymer chains, leading to ∆Gmix 
becoming positive and precipitation to occur.  
The precipitation of the growing polymer chains/ oligomeric species is observed once chain 
length/molecular weight exceeds some critical value and desolvates internally. Consequently, 
colloidally stable particle nuclei are formed.10,14–16 In addition, it should be noted that oligomer 
formed can be considered to either nucleate, be captured by growing particles, or remain in 
solution. Particle growth proceeded throughout the polymerization via two processes, either 
particle nuclei capture monomer/ oligomer species and grow to become mature particles, or 
nuclei flocculate with other nuclei, also forming mature particles.15–18 Possible heterogeneous 
particle formation and oligomer-capturing and -flocculation, render particle formation very 
complex. 
We are proposing in this paper that although this mechanism is valid for particle formation, 
additional insight is needed with regards to particle growth as competition might exist between 
oligomer capturing (producing smooth particles) and the flocculation of small particle nuclei 
(producing popcorn-shaped particles). It can be envisaged that should nuclei be present in the 
reaction solution and flocculation of oligomers are preferred, the new nuclei can flocculate to 
produce what are called popcorn-shaped particles.17,20, 21 
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In this chapter, poly(styrene-co-maleic anhydride-co-divinylbenzene) nanoparticles (MAnh-
FPNPs) with adjustable diameters and narrow size distributions were synthesized via a 
surfactant-free dispersion polymerization technique. This chapter reports the effects of 
monomer-, crosslinker- and RAFT concentration, monomer feed rate, and solvent composition 
on the size and morphology of these FPNPs to better understand the mechanism of particle 
growth. To the best of our knowledge no work has been done on copolymerizing all three 
monomers, synthesizing nano-sized MAnh-FPNPs via a surfactant-free dispersion 
polymerization method. 
 
Materials and Methods 
Materials, Potassium hydroxide pellets >85% (Merck Chemicals; Darmstadt, Germany), sodium 
hydroxide pellets >85% (Merck Chemicals), benzophenone 95% (Sigma; St. Louis, USA), potassium 
phosphate (K3PO4) 99% (Sigma), anhydrous carbon disulphide (CS2) ≥99% (Sigma), 1-bromoethyl 
benzene 97% (Sigma) were used as received, and maleic anhydride (MAnh) 99% (Sigma Aldrich) was 
used after re-crystallization from chloroform. Styrene 99.5% (Fluka chemika; ) was washed with KOH, 
distilled and stored over 4 Å molecular sieves. Divinylbenzene (DVB) >99% (Sigma Aldrich) was used 
after the t-butylcatechol inhibitor was removed, using a t-butylcatechol remover column, and then stored 
over 4 Å molecular sieves. Methyl ethyl ketone (MEK) ≥99.7% (Sigma-Aldrich) and n-heptane (Kimix; 
Cape Town, SA) were used as received. Tetrahydrofuran (Kimix), N,N-dimethylformamide (DMF) (Kimix) 
and methanol (Kimix) were distilled and kept over 4 Å molecular sieves. 2,2’-Azo-bis(isobutyronitrile) 
(AIBN) (Riedel de Haen; Morris Plains, USA) was recrystallized twice using methanol and dried under 
vacuum before use.  
 
Synthesis 
Butane-1-phenylethyl trithiocarbonate (BPT) RAFT agent was synthesized according to Lu et al.28, by 
adding K3PO4 (1.36 g, 6.40 mmol) to THF (20 mL). After stirring, 1-butanethiol (530 mg, 5.80 mmol) was 
added to the mixture, which was stirred again for 10 minutes. Subsequently, carbon disulphide (1.34 g, 
17.50 mmol) was added to the mixture and stirred over 1 hour after which 1-bromoethyl benzene (1.07 g, 
5.80 mmol) was added. After stirring for six hours at room temperature the THF was removed under 
reduced pressure and the crude product was purified using flash column chromatography (100 % 
petroleum ether). Yield: 89 %. 1H NMR (600 MHz, CDCl3): δ (ppm) =0.85 (t, 3H, CH3CH2CH2CH2), 1.35 
(m, 2H, CH3CH2CH2CH2-), 1.59 (m, 2H, CH2-S), 1.69 (d, 3H, CH3(CH-)), 3.27 (t, 2H, -S-CH2), 5.26 (q, 
1H, CH), 7.25 (m, 5H, Ar-H).  
 
FPNPs, a typical dispersion polymerization was conducted as follows: MAnh (2.04 g, 20.80 mmol) was 
dissolved in 15 mL of MEK in a 250 mL three neck round bottom flask. AIBN (3.00 mg, 0.02 mmol) and 
butane-1-phenylethyl trithiocarbonate (15.90 mg, 0.06 mmol) was added to the reaction mixture. The 
reaction mixture was degassed for 20 minutes. In a separate pear-shape flask 22.5 mL n-heptane was 
added with styrene (0.74 mL, 6.49 mmol) and DVB (0.98 mL, 6.90 mmol) and degassed for 20 min. 
Under argon gas the n-heptane solution with the two monomers was drawn up into a syringe and placed 
in a syringe pump. After the MEK solution was degassed the solution was placed in a 70 °C preheated oil 
bath. After 10 minutes, the n-heptane solution was introduced to the MAnh solution over either a 1-hour 
or 2-hour addition time. General MAnh-FPNPs synthesis was conducted for 2 to 24 hours, after which the 
particles were dried under vacuum at 80 °C for 1.5 hours. Thereafter it was left under vacuum for an 
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additional 16 hours to remove any unreacted monomer and residual solvent. Experiments were all 
conducted in triplicates. 
 
Amount of accessible MAnh on particles was determined using a series of 100 mg particles which were 
dispersed in THF and sealed in a small vial. Different mole ratios of N,N-dimethyl-3-aminopropyl-1-amine 
(DMAPA) (to total MAnh in particles) was added to each vial. The reaction took place for 4 hours after 
which the particles were separated from the supernatant. The particles were rinsed multiple times to 
ensure the removal of any unbound DMAPA. The supernatant was removed and the reagent in the vial 
was first weighed. The weight of the excess DMAPA left in the vial was deducted from the introduced 
DMAPA to calculate the reacted DMAPA. Excess DMAPA that did not react with MAnh was measured 
and is directly related to the accessible MAnh fraction within the particles. After weighing the vial was 
used to prepare NMR samples (in deuterated chloroform) to confirm the presence of DMAPA.  
 
Characterization and analysis 
Electron microscopy The diameter and size distribution of the FPNPs were determined using a field 
emission scanning electron microscope (FEG-SEM, Zeiss, Merlin), with a Gemini column, equipped with 
an inlens- and scanning TEM detector. To obtain the image, the particles were dispersed and placed on a 
conductive material and coated with carbon to establish conductivity. The high-resolution images were 
taken operating the instrument at 5 kV beam energy with an iprobe/ current of 250 pA, a working distance 
of 3.5 – 4.1 mm and an inlens detector. The images were processed using ImageJ software, analyzing 
100 measurements per image to get the average particle size and size distribution. 
 
ATR-FTIR spectra were recorded using a Nicolet FTIR spectrometer (Nexus) from Thermo-Fischer 
equipped containing a Smart Golden Gate ATR accessory with a diamond/ ZnSe internal reflection 
crystal. The spectra were recorded from 3750 cm-1 to 700 cm-1 with a spectral resolution of 8 cm-1 and a 
sum of 64 individual scans. Samples were run in solid state and no sample preparation was necessary. 
Omnic software was used for data acquisition and Origin software was used for data processing.  
 
NMR analysis were recorded on a Varian Inova 300 MHz and 400 MHz NMR spectrometer and Varian 
Inova 600 MHz NMR spectrometer. Characterization and integration were done using Mestrenova 
(version 11.0.2). Deuterated dimethyl sulfoxide (Sigma-Aldrich, 99.9 atom % DMSO-d6), deuterated 
acetone (Sigma-Aldrich, 99.9 atom % acetone-d6) and deuterated chloroform (Sigma-Aldrich, 99.9 atom 
% CDCl3).  
 
Results and discussion 
ATR-FTIR characterization of poly(St-co-MAnh-co-DVB) FPNPs 
The chemical nature of the polymeric nanoparticles was analyzed by ATR-FTIR analysis. The 
FTIR spectrum indicates that these PNPs are indeed functional (FPNPs) with reactive maleic 
anhydride (MAnh) and pendant vinyl groups on the FPNPs (Figure 1). These particles 
(unmodified) are called MAnh-FPNPs unless otherwise stated in the rest of the thesis. 
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The strong peaks at 1855 cm-1 and         
1772 cm-1 are attributed to the symmetrical 
and asymmetrical carbonyl cyclo (C=O) 
stretch vibrations, 1087 cm-1 for the C-O-C 
stretch vibration, indicating the presence of 
the maleic anhydride groups.   Pendant vinyl 
groups have a characteristic absorption band 
at 1629 cm-1 because of the divinylbenzene 
monomer. The bands at 947 cm-1 and 923 
cm-1 are due to the =C-H out-of-plane 
bending vibrations from the styrenic units. 
The peak at 704 cm-1 is characteristic of the C-H out-of-plane stretching vibrations of a mono 
substituted aromatic ring of the styrene group. The ATR-FTIR results indicate that these 
nanoparticles do (as expected) consist of anhydride groups, pendant vinyl groups as well as 
styrenic units, and the spectrum agrees well with those reported in literature. 5,21–23 
Particle stabilization and growth  
Particle growth proceeds by two processes: either nuclei grow by capturing monomer/oligomer 
species or  by flocculation of various nuclei.15,24 It is envisaged that should the process of 
capturing monomer/oligomer species be preferred, smooth particles can be expected compared 
to popcorn-shaped particles should flocculation of nuclei be preferred. The capturing of 
oligomers, in a system with high crosslinking (vinyl bonds) has two effects: 1) growth of the 
particles and 2) steric stabilization of particles. The newly captured oligomers form a solvated 
layer on the surface of the growing particle. This gel layer then continues to crosslink and 
desolvate to become another layer on the particle core. Simultaneously, new oligomers are 
captured, regenerating the gel layer that act as a sterically stabilized layer..24 Naka and co-
workers have shown that in the presence of a good solvent, the outer polymer layer on the 
surface of the particles are capable of swelling.25 Presumably, our particles are also sterically 
stabilized by solvated polymer chains anchored to the surface of the particles.  
Traditional dispersion polymerizations using as little as 0.3 - 0.7% crosslinker (based on total 
monomer weight) and a stabilizer leads to coarse particles with broad size distributions, as the 
stabilizer becomes buried within the particle with different degrees of crosslinking between 
nuclei.13,26,27 However, we have obtained results that are not in accordance with these previous 
findings. We use much higher crosslinker concentrations (27 mol % based on total monomer 
Figure 1: ATR-FTIR spectrum of the                
functional polymeric nanoparticles  
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weight) and still obtain smooth, nano-sized particles with a narrow size distribution, indicating 
that the solvated layer acts as stabilizer and is present on the surface as a gel-like stabilizer 
(Figure 2). As will be discussed later, different surface morphologies, varying from smooth 
particles (Figure 2A/2B) and popcorn-shaped particles (Figure 2C/2D) can be obtained and a 
difference is observed in the gel-like layer. The gel-like layer seems to be more profound in the 
smooth particles compared to the popcorn-shaped particles. Specific experimental conditions 
(vide infra) responsible for the different conditions will be discussed, but it is more important to 
show at present that the gel-like layer is present, and under different experimental conditions 
and particle growth mechanisms (either oligomer capturing or flocculation), the gel-like layer is 
visually different. 
 
Figure 2:  STEM images of MAnh-FPNPs indicating the presence of a gel-like layer on the outside of the 
particle surface. A) MAnh-FPNPs having smooth morphologies and B) Zoomed in image of area in A 
indicated, showing a thin layer on outside of particles. C) Popcorn-shaped MAnh-FPNPs having 
morphologies and D) Zoomed in area of indicated area on C showing irregular surface layer. Scale bar in 
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Our hypothesis is that competition exists between oligomer capturing onto particle nuclei 
(producing smooth particles) and the flocculation of small particle nuclei (producing popcorn-
shaped particles), and that under different experimental condition either will be preferred. To 
better understand the driving forces behind these reactions, we inaugurate the effect different 
experimental conditions, summarized in Table 1, have on particle size and morphology.  
 





























FPNP1 5.09 1.70 1.68 28 0.91 - - 1:4 Film - 
FPNP2 5.09 1.70 1.68 28 0.91 - - 2:3 G/P  
FPNP3 5.09 1.70 1.68 28 0.91 - - 4:1 Microgelation - 
FPNP4 20.80 6.49 6.90 25 0.68 2.5 - 2:3 P 150 
FPNP5 20.80 6.49 6.90 25 0.68 5 - 2:3 P 430 
FPNP6 20.80 6.49 6.90 25 0.68 7.5 - 2:3 P/S 393 
FPNP7 20.80 6.49 6.90 25 0.68 10 - 2:3 P 490 
FPNP8 20.80 6.49 6.90 8.5 0.60 - - 2:3 F 700 
FPNP9 20.80 6.49 6.90 18 0.60 - - 2:3 S 605 
FPNP10 20.80 6.49 6.90 22 0.60 - - 2:3 P 430 
FPNP11 20.80 6.49 6.90 30 0.60 - - 2:3 P 210 
FPNP12 20.80 6.49 6.90 25 0.68 2.5 - 2:3 P 150 
FPNP13 20.80 6.49 6.90 25 0.68 2.5 0.67 2:3 G 270/125 b 
FPNP14 20.80 6.49 6.90 25 0.68 2.5 1.14 2:3 G 411/233 
FPNP15 20.80 6.49 6.90 25 0.68 2.5 3.70 2:3 S 677/282 
FPNP16 20.80 6.49 6.90 25 0.60 2.5 - 2:3 G 70 
FPNP17 20.80 6.49 6.90 25 0.60 10 - 2:3 G 170 
FPNP18 20.80 6.49 6.90 25 0.91 2.5 - 2:3 G/P 250 
FPNP19 20.80 6.49 6.90 25 0.91 10 - 2:3 P 450 
a) Morphology is given a smooth (S), popcorn-shape (P), grainy (G) and fused (F). In some instances, a mixture of two 
morphologies were observed. b) Two distributions in particle diameter are observed. 
 
Effect of monomer addition rate 
In preliminary results, we optimized the addition rate of St/DVB to the MAnh and found that an 
addition time of 2 hours is optimal compared to an addition time of 1 hour. It was observed that 
when using a shorter addition time (1 hour), irreproducible results were obtained. This can 
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possibly be attributed to higher concentrations of St/DVB in the MAnh mixture causing particle 
growth and nucleation to occur simultaneously to different extents, depending on the monomer 
addition rate. 
Effect of solvent composition.  
In order to investigate the effect of solvent composition on the particle size and morphology, the 
ratio of good solvent (methyl ethyl ketone (MEK)) and poor solvent (n-heptane (Hept)) was 
varied with the total solvent volume remaining the same and having a constant final polymer 
concentration relative to solvent mixture). All of the polymerizations were carried out using a 
total monomer concentration of 0.9012 mol·L-1, 28 mol % crosslinker (relative to total monomer), 
and identical reaction and feed times. The reaction exists as a two-phase system. The MAnh is 
in the MEK phase and the St/DVB in the Hept phase. The reaction solvency was adjusted by 
varying the ratio of the two solvents.  
 
 
Film formation was observed under the poorest solvency of 1:4 MEK: Hept in the reaction 
medium due to enthalpy-driven desolvation of the polymer chains/ oligomers, which occurs 
before particle formation occurs (Figure 3A). It was previously found that after decreasing the 
volume fraction of the good solvent, the swelling of the polymers decreases, and the polymer 
chains become shorter and will not reach the critical chain length for nucleation to occur. This 
leads to polymer chains desolvates in a enthalpic nature before particle nucleation can 
occur.12,13,14 At a 2:3 MEK: Hept solvent ratio, spherical particles were produced, indicating that 
Figure 3: SEM images of FPNPs obtained in different solvent ratios. The following solvent compositions 
were experimented with: A) 1:4 MEK:HEPT ratio, B) 2:3 MEK:HEPT and C) 4:1 MEK:HEPT ratio. As the 
proportion of MEK increased particles were formed, and with a further increase, a micro-gel is produced 
(FPNP1-3). 
A C B
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the critical chain length necessary for particle nucleation was achieved (Figure 3B). It was 
further observed that by changing the MEK ratio from 2:3 to 4:1, a transition from spherical 
particles to micro-gelation occurred (Figure 3B to 3C). The smaller micro-gel particles appear to 
be connected by polymer strands (Figure 3C). This transition is likely caused by the increased 
swelling of the oligomers, decreasing the distance between newly formed oligomers in solution 
and increasing internal crosslinking between different chains. Another contribution is the 
solvency due to the smaller portion of Hept. This resulted in enhanced flocculation of particle 
nuclei, which promotes coagulation and prevents entropy-driven phase separation. Similar 
trends and transitions were observed while copolymerizing DVB and MAnh for the formation of 
micro-gels and while copolymerizing of St and DVB.12,15 
Effect of Seeding  
In this section, relative fractions of the total St /DVB mixture were added at the beginning of the 
reaction, a process called seeding. Seeding the reaction mixture with small percentages of the 
St and DVB monomers, with a corresponding fraction of heptane, was thought to promote 
particle nucleation and secondary nucleation reactions (polydispersed MAnh-FPNPs). This was 
observed when seeding the reaction with 2.5 %, 5.0 %, 7.5 % and 10 % of the total St/ DVB 
monomers. Adding a higher seeding % to the initial reaction medium attribute to a higher 
concentration of St/DVB in the MAnh solution, leading potentially to higher concentrations of 
oligomers in solution and more flocculation to occur between oligomers, that can result 
ultimately in less particle nuclei and essentially larger particles (Figure 4).12,15 It was further 
Figure 4:  Particle size as a function of seeding percentages at the start of the polymerization 
reaction for the synthesis of MAnh-FPNPs (FPNP4-7). 
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noticed that as the seeding percentage increased, the final particles size distribution also 
broadened.  
Effect of monomer concentration 
Figure 5 illustrates the effect of changing the monomer concentration using two different levels 
of seeding, i.e. 2.5 and 10 %. These seeding levels were chosen since the 2.5 % seeding 
experiments gave smaller particles, and the 10 % gave the biggest particles, while keeping the 
monomer to initiator ratios constant, MEK/hept ratio at 2:3 and only changing the total monomer 
concentration from 0.606 mol·L-1 to 0.908 mol·L -1.  
Figure 5: Particle size as a function of the different seeding percentages at the start of the polymerization 
reaction for the synthesis of MAnh-FPNPs (FPNP16-19). 
  
Figure 6 indicates the different morphologies obtained at different seeding percentages. At 
higher monomer concentration, the concentration of oligomers in solution increases, thus 
increasing the probability of oligomers flocculating. Ultimately, less nuclei are produced and 
subsequently larger polymer particles are obtained.12,15 However, we observe that not only does 
the particle size increase, but the particles become popcorn-shaped. 
This can be attributed to remaining monomer added to the reaction, while small amount of 
particle nuclei is formed. Thus, competition exist between nuclei growing (capturing of 
oligomers), but also the formation of new secondary nuclei (flocculation of oligomers). The 
already formed nuclei grow via adsorption of oligomers onto particle nuclei, however the 
oligomers that are not adsorbed onto the particle surface follow entropic desolvation (due to 
intramolecular crosslinking) causing heterogeneous nucleation (Figure 6D). This phenomenon 
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agrees well to what has been shown in literature.18 Flocculation of the nuclei produces popcorn-
shaped particles. This finding is in line with previous studies.14,20,24,27  
 
Effect of crosslinker concentration 
FPNPs prepared with different amounts of crosslinking monomer are compared. The crosslinker 
concentration was adjusted according to the St/DVB ratio, with the MAnh:St/DVB ratio the 
same, such that the mixtures contained a 2-30 mol% DVB (based on total monomer weight). 
The use of 2 to 8.5 mol% DVB resulted in coagulation of the dispersion and macro-gelation of 
particles (Figure 7A). This is attributed to the enhanced solvency of the oligomers and newly 
formed polymer chains because of lower crosslinker concentration.12,24 Therefore, swelling 
occurs, and the distance between oligomers and polymer chains in solution decreases. 
Flocculation of nuclei is favoured, promoting coagulation and also causing macro-gelation to 
occur.15,24,27 When 18-22 mol% DVB was used, spherical particles were obtained that possess a 
wide size distribution (Figure 7B). Increasing DVB concentrations to 27-30 mol% resulted in the 
formation of stable, well-defined FPNPs with a narrow size distribution ranging from 180-215 nm 
Figure 6: Scanning electron image of MAnh-FPNPs synthesized using different experimental 
conditions. A) using 2.5% seeding and a monomer concentration [M] = 0.606 mol·L-1. B) using 10% 
seeding and [M] = 0.606 mol·L-1. C) 2.5% seeding and [M] of 0.908 mol·L-1 and D) 10% seeding and [M] 
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(Figure 7C). In summary, we found that by increasing the crosslinker concentration, the particle 
size decreased, and concomitantly the size distribution narrowed (Figure 7D) The crosslinker is 
thus necessary for particle formation and plays an important role in particle growth and the 
capturing of oligomers from the solution.13 This also indicates that the particle growth 
mechanism is not within the polymer particles, but rather via the desolvation of polymer chains 
or flocculation of oligomers onto the particles surface. 
 
Effect of RAFT concentration 
 
Different RAFT concentrations of 3.70 mol·L-1, 1.14 mol·L-1, 0.67 mol·L-1 and 0 mol·L-1 were 
examined while solvent composition and monomer concentration were kept the same. The 
RAFT agent used is shown in Figure 8. 
Figure 7: Scanning electron micrographs of MAnh-FPNPs synthesized using different crosslinker 
concentrations. A) 8.5 mol % DVB, B) 18 mol  % DVB, C) 30 mol % DVB and D) graph indicating how 
particle size changes with change in crosslinker concentration (FPNP8-11). 
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Figure 8: Chemical structure of the S-butane-S’-1-phenylethyl trithiocarbonate (BPT) RAFT agent used. 
 
Samples were taken in one-hour intervals for 4 hours and then again at 24 hours. Analysis of 
the particle size indicated that the particle size and bimodality decreased with decreasing RAFT 
concentration (Figure 8A). It was further observed that as RAFT concentration decreased, the 
particles became less smooth. The particles first became grainy and coarse-like, at 1.1.4 mol·L-1 
to 0.67 mol·L-1 RAFT, and popcorn-shaped using no RAFT-agent (Figure 8B-E). This can 
possibly be attributed to the rate at which chain length increases. 
 
At high RAFT agent concentration, the polymer chains grow slowly in solution and for much 
longer periods short and soluble polymer chains will be in reaction mixture. Once particle 
nucleation occurred the particle nuclei can grow primarily via the monomer/oligomer capturing 
method, producing smooth particles upon monomer/polymer desolvation (Figure 8B). As the 
RAFT concentration decreases, the polymer chains grow to higher molecular weights and 
faster. Not only can oligomer capturing occur, but flocculation starts occurring among oligomers, 
B C
D E
Figure 9: A) Particle size dependency as a functional of RAFT concentrations. SEM images illustrate 
the different particle morphologies, obtained at different RAFT concentrations: B) 3.70 mol·L-1 RAFT 
concentration, C) 1.14 mol·L-1, D) 0.67 mol·L-1and E) 0 mol·L-1 with an insert in each image, indicating 
the various morphologies and the scale bar 200 nm (FPNP12-15). 
A 
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producing new particle nuclei. As a result, nuclei can flocculate onto initial nuclei, producing 
grainy particles (Figure 8D). When no RAFT is added, no control over polymerization is exerted, 
polymer chains grow fast and more chains are present, flocculation among oligomers and 
entropic desolvation produce popcorn-shaped particles (Figure 8E).  
 
Insight into the consumption and availability of RAFT-agent during particle synthesis was gained 
from this work. An interesting observation was made while using RAFT-agent in that new nuclei 
are formed via a secondary nucleation process (Figure 9).  As the RAFT concentration 
increased, the time after which the bimodality in size was observed increased as well. This can 
be attributed to the reduced rate at which polymerization occurs. Increasing the RAFT-agent 
concentration delays the onset of secondary nucleation. To obtain information on the particle 
growth mechanism, EDX was used to analyze the second-generation particles. 
 It was found that the second-generation particles had 0 wt% sulfur (RAFT-agent) present on 
the surface whereas the larger particles had 0.52 wt% S present. 0.6 wt% S is expected if one 
assumes that all the RAFT-agent is used in the 
initial polymerization reaction and is present on/in 
the particle. In a study by Paine et al. it was shown 
that smaller particles capture oligomers more 
efficiently when compared to larger particles 
because of their greater surface area per unit of 
volume.18 In our case, the formation of second 
generation particles free of RAFT-agent potentially 
indicate and agree with previous findings that the 
larger particles less effectively capture new 
monomers/ oligomers compared to new particle 
nuclei formed. Due to the slow capturing of 
oligomers from solution, excess oligomers in 
solution are entropically desolvated, forming new 
nuclei. This confirms that newly formed oligomers would rather flocculate and crosslink instead 
of being captured onto larger primary particles and follow enthalpic desolvation. The particles 
free of RAFT agent can be explained by that the RAFT moiety is consumed and bound to the 
original particles and there is no mobility of RAFT agent, once the original RAFT-particles are 
formed and new particles are formed, by default they would not contain RAFT agent. 
Figure 10: SEM image of bimodality occurring 
in particle synthesis using 3.70 mol·L-1RAFT-
agent and a RAFT:AIBN ratio of 1:0.1. Larger 
particles are observed, with smaller particles in 
the background with popcorn-shaped 
morphologies. 
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It can thus be concluded that the presence of RAFT agent and RAFT concentration influences 
the preferred method of particle growth, either by capturing oligomers (smooth particles) at 
higher RAFT concentrations compared to flocculation of oligomers (popcorn-shaped particles) 
at lower RAFT concentrations. These observations reinforce the proposal that these PNPs form 
and grow by complex mechanisms, but that the preferred method is tunable depending on the 
experimental conditions. 
Amount of accessible MAnh  
In this experiment, the amount of accessible MAnh on the particles are calculated. The smaller 
particles, popcorn-shaped morphology, made using no RAFT addition is used. The reason 
these particles are used is that in the following work, smaller particles are used. Up to 70 mol% 
of MAnh units were shown to be accessible (Figure 11). When a 0.7 mol ratio of DMAPA to 
MAnh is added, left to react and the supernatant analyzed, no DMAPA peaks are detected on 
NMR. Adding 0.8 mol ratio DMAPA to MAnh, small peaks, indicative of DMAPA, start 
appearing. This indicates that although we have highly crosslinked particles, we are able to 
access up to 70% of the reactive MAnh moieties, which seems to indicate that the particles 
made using no RAFT (popcorn-shaped) are highly porous and highly functional for post-
polymerization modification reactions. 
 
Figure 11: A) Unreacted DMAPA as a functional of mol% DMAPA:MAnh is shown. B) SEM image of the 
porous MAnh-FPNPs used for the experiment. 
Conclusion 
In this chapter, we have shown that we can utilize two different particle growth mechanisms, 
either separate on in combination to control particle size and morphology. Parameters that were 
B 
A 
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investigated in terms of their effect on particle size and morphology were monomer feed rate, 
crosslinker-, RAFT- and monomer concentrations. 
With that we presented a facile technique for the preparation of well controlled and tunable 
MAnh-FPNPs, based on highly-crosslinked poly(styrene-co-maleic anhydride-co-
divinylbenzene) particles. The novel and functional MAnh-FPNPs are prepared using a 
surfactant-free dispersion polymerization method, having surface functional groups that can be 
further functionalized for specific and various applications.  
Fully crosslinked MAnh-FPNPs composed of varying crosslinker concentrations (18-30 mole%) 
and a monomer concentration of 0.606 mol·L-1 gave the most stable particles without any 
particle coagulation via the surfactant-free dispersion polymerization. This polymerization 
technique, compared to those in the literature, is relatively quick. 
It was found that by controlling various parameters, the size and morphology of the particles can 
be tuned. A balance exists between particle nucleation and growth, which determines the 
particle size, size distribution and surface morphology.  
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Auto-fluorescent polymeric nanoparticles: Synthesis, characterization and 
cellular uptake. 
Abstract 
In this chapter, we characterize and demonstrate the auto-fluorescence (AF) of novel highly 
crosslinked functional poly(styrene-co-maleic anhydride-co-divinylbenzene) polymeric 
nanoparticles (MAnh-FPNPs), and the uptake of these MAnh-FPNPs by human umbilical vein 
endothelial cells (HUVECs) and primary human monocytic cells. MAnh-FPNPs were prepared 
by a surfactant-free dispersion polymerization technique, in a solvent mixture of MEK and 
heptane with 2,2’-azo-bis(isobutyronitrile) (AIBN) as initiator and butane-1-phenylethyl 
trithiocarbonate (BPT) as chain transfer agent (RAFT agent). Spherical nanoparticles with 
smooth and popcorn-shaped morphologies were obtained containing reactive maleic anhydride 
moieties available for further introduction of functionality. The MAnh-FPNPs were internalized 
spontaneously by living cells, showing high signal-to-noise ratios using confocal fluorescence 
microscopy (CFM) and no significant cytotoxicity. Scanning electron microscopy (SEM) and 
Fourier-transform infrared spectroscopy (FTIR) studies were used to characterize the particles. 
 
Introduction 
Fluorescent materials are attractive for academic research and have many viable applications in 
drug delivery,1,2 protein and chemical sensors,3–6 DNA probing,7 and cellular bioimaging8. 
Fluorescence stems from the absorption of light (UV) at a specific wavelength and the 
subsequent emittance of that light at a longer wavelength. The process is three-fold: 1) 
excitation of a molecule from a lower energy level to a higher energy level, 2) the conversion 
and vibrational relaxation of the excited state electrons to the lowest energy level, and 3) the 
emission of a longer wavelength photon causing the return of the molecule to the ground state. 
There are a few scenarios that will cause a molecule to lose fluorescence: 1) if the highly 
reactive excited state molecule is photo-bleached (destruction), 2) if the excited state energy is 
dissipated via non-radiative pathways, 3) if the molecule collides with another molecule and 
energy is transferred (quenched), or 4) if intersystem crossing occurs.9,10 Traditional fluorescent 
molecules, having planar structures,  are studied in dilute solutions, where abundant solvent 
molecules impede the intermolecular reactions between luminophore molecules, so no 
“concentration quenching” occurs.11,12 This “concentration quenching” happens because of 
intermolecular interactions (π−π stacking interactions among the neighbouring molecules), 
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allowing excited states of the aggregates to decay via non-radiative pathways, also known as 
aggregation-caused quenching (ACQ). Such ACQ fluorescent materials (ACQphore) are highly 
emissive in solution, but non-emissive in their aggregated or condensed states.13–20  
Traditional fluorescent materials are often quantum dots, fluorescent organic dyes, and 
fluorescent proteins, containing either heterocyclic or benzene groups (planar geometry). 
Carbon-carbon double bonds are the main building blocks, with phenyl rings (benzene or 
heterocyclic) forming π-aromaticity.21 Alongside the conventional carbon-carbon double bonds, 
heteroatom-containing bonds such as C=O, N=O, C=N, C=S and N=N, are found to be 
detrimental to light emission, however they are less frequently investigated.21,22 Fluorescence 
within polymers is still not completely understood, although it has been shown that a more rigid 
environment, prevent excitons from relaxing through non-radiative pathways, causing 
fluorescence.23,24  
 
In 2001, Tang and co-workers discovered an opposite phenomenon to the notorious ACQ 
effect. Small organic and polymeric fluorescent materials, with nonplanar structures, displayed 
strong emissions, once aggregated; these materials are known as aggregation-induced 
emission (AIE) fluorescent materials (AIEgens).25 AIEgens are non-fluorescent when 
molecularly dissolved in a good solvent, but highly emissive once aggregated. The conformation 
of the structure, once aggregated, hampers π−π stacking interactions between different 
AIEgens. The intrinsic mechanisms of the AIE effect is due to restriction of intramolecular 
rotations (RIR) (RIR is the restriction of the rotation about a single bond within a molecule) and 
blocking of non-radiative pathways, which results in fluorescence.  
This property of AIEgens provides a new platform for fluorescent molecules and 
nanoaggregates.25,26 Chromophore aggregation generally exerts one of two different effects, 
either ACQ or AIE. The effect that prevails is highly dependent on the chromophore structure 
and packing interactions in a particular system.25 If the structure allows intramolecular rotations, 
the rotations consume the excited-state energy through a non-radiative relaxation channel. As a 
result, the fluorescence is quenched. However, if a structure is aggregated, the π−π stacking 
interactions are prevented and the intramolecular rotations are restricted, the non-radiative 
relaxation that enable the excitons to decay will be blocked, causing fluorescence. 25,27–32 It is 
generally accepted that the more rigid a chromophore structure is, the stronger its emission will 
be.21,32 
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Alongside inorganic NPs, PNPs are promising platforms for the design of multifunctional probes 
for imaging, diagnostics and drug-, gene- and vaccine delivery.33,34–36 Fluorescent polymeric 
nanoparticles are attractive candidates to overcome some of the limitations related to inorganic 
NPs,33 with PNPs exhibiting properties that allow them to be used in various applications, 
depending which polymer is chosen (Chapter 2). In order for FPNPs to be suitable fluorescent 
probes, they must have certain properties, such as high colloidal stability, uniform particle size 
and narrow size distribution, and no toxicity or leakage of fluorescence.11,37  
The auto-fluorescence (AF) of materials allows the structures of interest to be illuminated, and 
serve as useful diagnostic indicators. Confocal fluorescence microscopy (CFM) customarily 
needs nanoparticles to be labelled with fluorescent probes for visualization obtained through the 
encapsulation of a label-bearing probe, modifying the polymer with a fluorescent probe or 
copolymerization using a fluorescent monomer.36–39 Drawbacks related to these techniques 
include the need of multiple steps, the fact that information regarding the location of the labelling 
probe needs to be known, leaching of the fluorescent probe, the incorporation of fluorescent 
probes could lead to misinterpreted results, and changing original experimental parameters.  
The benefit one would have of AF PNPs is that none of the drawbacks play a role, and the 
surface of the PNP is still available for further functionalization. Benefits of such a system would 
include a) AF particles do not need to be labelled with a fluorescent marker, b) leaching of an 
encapsulated dye is prevented as the AF is an inherent property of the nanoparticle and c) the 
surface of these particles can be tuned to interact with specific proteins or with specific epitopes 
in a bio-system or environment.  
 
To the best of our knowledge, we are the first to report the AF property of highly crosslinked 
poly(styrene-co-maleic anhydride-co-divinylbenzene) FPNPs. Thus, we firstly wanted to 
characterize the AF and secondly evaluate the effect of various experimental parameters on the 
intensity of the AF to hopefully understand the origin of the AF within our polymer system.  In 
addition, the MAnh-FPNPs not only showed to be AF, but the reactive maleic anhydride also 
contributes to extra reactivity making the particles highly functional and fluorescent FPNPs (AF 
FPNPs) simultaneously. These AF MAnh-FPNPs can potentially be used as fluorescent probes 
in various applications, such as fiducial markers or to study cellular uptake mechanisms. In 
addition to the characterization of the auto-fluorescent properties, we considered the uptake by 
cells and visualization of the AF MAnh-FPNPs within cells.  
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Experimental Methods  
Materials, maleic anhydride (MAnh) 99% (Sigma Aldrich, St. Louis, USA) was used after recrystallization 
from chloroform. Styrene 99.5% (Fluka chemicals, New Jersey, USA) was purified and stored over 4 Å 
molecular sieves, divinylbenzene (DVB) >99% (Sigma Aldrich) was used after the t-butylcatechol inhibitor 
was removed using a t-butylcatechol remover column and stored over 4 Å molecular sieves. Methyl ethyl 
ketone (MEK) ≥99.7% (Sigma-Aldrich) and n-heptane (Kimix, Cape Town, SA) were both distilled and 
kept over 4 Å molecular sieves at room temperature (RT). Double distilled deionized water, distilled in our 
lab, was used throughout the work. 2,2’-azo-bis(isobutyronitrile) (AIBN) (Riedel de Haen, New Jersey, 
USA) was recrystallized twice using methanol and dried under vacuum before use. Ethical clearance 
exemption for isolation of human primary monocytes from purposely donated blood was obtained from 
the Subcommittee C Human Research Ethics Committee (HREC) of Stellenbosch University (Reference 
# X15/05/013). Monocytes were isolated from buffy coat blood, obtained from the Western Province 
Blood Transfusion (WPBTS), by double gradient centrifugation as stipulated by Menck, K 2014. 
Monocytes were cultured for a total of 6 days in advanced Roswell Park Memorial Institute (RPMI) media 
(Life Technologies) containing 10% human serum (Sigma-Aldrich) and 1% penicillin/streptomycin (Sigma-
Aldrich) in the presence of 50 ng/mL granulocyte monocyte colony-stimulating factor (GM-CSF) (Sigma-
Aldrich), before 24 h polarization to M1 type macrophages with 50 ng/mL lipopolysaccharide from E. coli 
(LPS) (Sigma-Aldrich) and 20 ng/mL interferon gamma (Sigma-Aldrich). Human Umbilical Vein 
Endothelial Cells (HUVECs) were cultured in Endothelial Basal Media (EBM) containing 2% FBS, 0.4% 
Bovine Brain Extract (BBE), 0.1% human Epidermal Growth Factor (hEGF), 0.1% ascorbic acid, 0.1% GA 
(30 µg/mL gentamicin and 15 µg/mL amphotericin) and 0.1% hydrocortisone, all acquired from Lonza. 
Mouse Embryonic Fibroblasts (MEF) and Human Embryonic Kidney Cells (HEK 293) were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) (Life Technologies) containing 10% Fetal Bovine Serum 
(FBS) and 1% penicillin/streptomycin (Sigma-Aldrich). Cell lines were kept at normal culture conditions 
and washed with phosphate buffered saline (PBS) (Sigma-Aldrich) before every media change. All cell 
cultures were used at passage number <10. 
 
Synthesis  
BPT RAFT agent was synthesized according to Lu et al., with the synthesis described in Chapter 3.56  
 
FPNPs. MAnh-FPNPs were synthesized according to Chapter 3 with some small changes. The RAFT-
particles follows the following dispersion polymerization: maleic anhydride (MAnh) (2.04 g, 20.80 mmol) 
was dissolved in 15 mL of MEK in a 250 mL three neck round bottom flask. AIBN (3 mg, 0.02 mmol) and 
butane-1-phenylethyl trithiocarbonate (BPT) as RAFT-agent (15.9 mg, 0.06 mmol) was added to the 
reaction mixture. The reaction mixture was degassed for 20 minutes. In a separate pear-shape flask 22.5 
mL n-heptane was added with styrene (0.74 mL, 6.49 mmol) and DVB (0.98 mL, 6.90 mmol) and 
degassed for 20 min. Under argon gas, the n-heptane solution with the two monomers was transferred 
into a syringe and placed in a syringe pump. After the MEK solution was degassed, the solution was 
placed in a 70 °C preheated oil bath. After 10 minutes, the n-heptane solution was introduced to the 
MAnh solution over a 2-hour addition period. The reaction was stopped after the 2 hours. 
 
Modification of FPNPs. MAnh-FPNPs were further functionalized two-fold for the AF testing. For the first 
modification, the MAnh-FPNPs were hydrolyzed via the ring opening of the maleic anhydride. Hydrolysis 
took place in 0.5 M NaOH. After ring opening, the solution was neutralized to pH 7 to ensure protonation 
of the ring opened maleic acid obtaining ring opened MAnh-FPNPs. For the second modification, the 
maleic anhydride was modified with excess N, N-dimethyl-3-aminopropyl-1-amine (DMAPA) that attack at 
the MAnh via a nucleophilic substation reaction that follows a ring closure reaction obtaining DMAPA-
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FPNPs modified particles. MAnh-FPNPs (100 mg, 0.299 mmol MAnh) were redispersed in DMF (10 mL). 
DMAPA was used in 1:1.5 excess to ensure all possible MAnh groups were reacted. DMAPA (45.86 mg, 
0.448 mmol) was dissolved in DMF (2 mL), slowly added dropwise to the particle mixture, reacted and 
refluxed at 160 ºC for 4 hours to ensure ring closure of the maleimide rings. After the reaction, the 
particles were centrifuged to isolate poly(St-co-DMAP maleimide-co-DVB) PNPs (DMAPA-FPNPs) and 
washed with clean DMF to get rid of unreacted DMAPA. The particles were dried under vacuum to ensure 
all solvent was removed. 
 
Characterization and analysis 
Electron microscopy. The diameter and size distribution of the MAnh-FPNPs were determined using a 
field emission scanning electron microscope (FEG-SEM, Zeiss, Merlin), with a Gemini column, equipped 
with an inlens-, backscatter-detector coupled with EDX. To obtain the image, the particles were dispersed 
and placed on a conductive material and coated with carbon to establish conductivity. The high-resolution 
images were taken operating the instrument at 5 kV beam energy with an iprobe current of 250 pA, a 
working distance of 3.5 – 4.1 mm and an inlens detector. The images were processed using ImageJ 
software analyzing 100 measurements per image to get the average particle size and size distribution.  
 
Confocal fluorescence microscopy (CFM) was conducted using a Carl Zeiss LSM780 Elyra S1 (Carl 
Zeiss, Germany) confocal microscope using the diode 405 nm CW/PS (pulsed) laser, argon multiline 
laser 25mW 488 nm, 514 nm and the 561 nm laser, alongside the 561 nm and 633 nm lasers. For post 
processing ZEN 2011 imaging software (Carl Zeiss (Germany) was used. FPNPs (after washing and 
complete drying) were dispersed in THF and imaged using a 100x objective. For the comparison of AF, 
six equally sized regions of interest (ROI) were taken in each sample. Upon irradiation at a wavelength of 
405 nm for excitation, there was significant AF from the MAnh-FPNPs particles, and this wavelength was 
used to compare the AF from the various modified FPNPs. The AF is given as a relative mean fluorescent 
intensity (RMFIs) value. RMFIs are scaled units of fluorescence.58 The images are stored as 16-bit 
images, varying in shades of grey. The brightness of each pixel is divided into a range from 0 to 243, with 
0 being black and 243 being the brightest intensity. The RMFIs (a.u) within that range was taken and AF 
compared.40 
 
Cytotoxicity analysis. The cytotoxicity of the MAnh-FPNPs was determined using the XTT assay, 
measuring the mitochondrial reductive capacity (as indirect measure of cell viability) on primary human 
isolated monocytes, differentiated into M1 type macrophages. Before the XTT assay, the particles were 
dialyzed for 3 days, changing the distilled water phase every 12 hours, to ensure that all monomers and 
unreacted compounds are removed. The particles were sonicated to avoid particle aggregation, 
centrifuged and dispersed into fresh RPMI 1640 culture media. Cells were seeded at 6x103 cells/well. 
Cells were treated with RPMI containing particles at concentrations of 10 µg/mL and 1000 µg/mL for 1h, 
2h, 4h and 24h before viability assessment by XTT assay. Experiments were done in triplicates.41  
 
Cellular uptake studies. Human umbilical vein endothelial cells (HUVECs) and primary human 
monocytic cells were cultured under normal tissue culture conditions at the Department of Physiological 
Sciences, Stellenbosch University. Human monocytic cell isolates were pre-differentiated into M1 type 
macrophages. Monocytes were cultured in RPMI 1640 (Life Technologies) containing 10% Human Serum 
(Sigma Aldrich) and 100 U/mL Penicillin-Streptomycin (Sigma Aldrich). Granulocyte Macrophage Colony-
Stimulating Factor (GM-CSF, Sigma Aldrich) was supplemented at 50 ng/mL throughout the 6-day 
differentiation period. E. coli Lipopolysaccharide (LPS, Sigma Aldrich) and Interferon-gamma (IFN-γ, 
Sigma Aldrich) were supplemented during the last 24h of culture at 50 ng/mL and 20 ng/mL, respectively 
to ensure polarization into M1 type macrophages. The cells were seeded into 8 chamber-well slides, 
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containing appropriate culture media and seeding densities (RPMI and 6x105 cells/well, respectively), to 
be assessed using high magnification confocal microscopy. The intracellular localization of the particles 
was confirmed by CFM (LSM780 confocal microscope with ELYRA S.1 Super resolution platform, Carl 
Zeiss, Germany). AF FPNPs was excited by the 405 nm laser light and detected in channel 1. For further 
imaging of the cell membrane, cells were stained with CellMask Orange (Life Technologies), for 10 
minutes prior to imaging, which was excited by 561 nm laser light and detected in channel 2. The pH 
specific stain, pHrodo Bioparticles (Life Technologies) was also implemented to determine intracellular 
localization of AF FPNPs. These particles are relatively non-fluorescent at neutral pH, but fluoresce under 
acidic conditions (pH<6.5) after their uptake via phagocytosis and localization in mature 
phagosomes/endosomes. pHrodo was supplemented into cell culture, simultaneously with AF FPNPs, at 
1 mg/mL. Further image processing was performed using GIMP 2.2.13 software. To standardize 
visualization settings for comparative purposes, the same tone curve for the channel was used for all 
images. Cells that were tested (HUVECs and macrophages) do not exhibit spontaneous fluorescence in 
the fluorescence emission range of 405 nm – 561 nm. 
 
Results and discussion 
 
Particle synthesis and characterization 
 
The MAnh-FPNPs were previously synthesized and characterized, refer to Chapter 3. Previous 
studies have shown that particle size is one of the important properties that affect cellular 
uptake, with smaller particles, in general, having a higher uptake.42,43 Unless otherwise stated, 
all experiments in this work were conducted using particles, with a particle size diameter of 140-
200 nm and a narrow size distribution (Figure 1).  
Figure 1: A) Particle size distribution at various time intervals and B) SEM image of the MAnh-FPNPs 
synthesized by using surfactant-free dispersion polymerization of MAnh (20.80 mmol), St (6.49 mmol) 
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AF of AF FPNPs 
There are currently only a few reports on the AF of polymers, as most research regarding AF 
covers biological AF that is more commonly encountered.21,24,44–46 The MAnh-FPNPs that were 
synthesized in this work were found to exhibit AF. The AF is an inherent property of the as 
synthesized MAnh-FPNPs. The AF of these MAnh-FPNPs was characterized using CFM in 
lambda scan (scan) mode.47  A lambda scan records a series of individual images covering 
the emission wavelength range, with each image detected at a specific emission wavelength.48 
This scan mode is used to determine AF where the spectrum is unknown. A region of interest in 
the x-y dimension is examined along a wavelength axis to determine how the pixel intensity and/ 
or colour changes due to signal level variations at different emission bands. Lasers with 
wavelengths of 405 nm, 458 nm, 488 nm, 514 nm, 561 nm and 633 nm were used for excitation. 
The obtained spectra indicated AF across the whole emission spectrum, using 405 nm, 458 nm 
and 488 nm (SI, Figure 1-3). For excitation with the 514 nm and 561 nm laser, AF decreases at 
longer wavelengths (SI, Figure 4-5) and the 633 nm laser induces very little AF (SI, Figure 6).  
To determine the origin of the AF within our system, we firstly reverted to AF found in similar 
polymer structures in literature. It is known from literature that St and MAnh homopolymers 
exhibit AF.21,45 Polystyrene is known to AF, although the orientation of the styrene units and the 
molecular weight governs the amount of excimer formation. Basile et al.45 showed that shorter 
polystyrene chains have a higher probability of fluorescence being quenched and Birks et al. 
proposed that for excimers to form two aromatic side chains, need to lie parallel to each other at 
a distance of 3.5 Å.49,50 MAnh homopolymer (PMAnh) emits a strong AF signal as shown by 
Tang et al.21 PMAnh has shown to emit light due to the AIE effect, posing a rigid conformation 
due to bulky anhydride groups that also hinder the free rotation along the carbon-carbon single 
bonds, effectively: favouring the formation of carbonyl group-clusters; allowing intramolecular π-
interactions; and giving rise to the AF as a result of UV excitation.21,51 The same group 
developed AF copolymers lacking conventional fluorescent units. Tang et al. observed that the 
copolymerization of MAnh and vinyl acetate (VAc) in an alternating fashion results in a 
copolymer (poly(MAnh-alt-VAc or PMV)) that also exhibits strong light emissions and AIE effects 
attributed due to the intermolecular interactions between carbonyl groups within a polymer 
chain, allowing carbonyl groups to cluster and restrict the intramolecular rotation (RIR).21 
However, upon hydrolysis of the MAnh, the carbonyl groups can rotate freely, which leads to 
non-radiative relaxation and a decrease in AF. This indicated that a relatively rigid environment 
is indeed needed for the carbonyl groups to interact, RIR and light to be emitted.  
B 
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Interesting poly(St-alt-MAnh) (SMA) (Mw = 58,000 g/mol and ring closed) dissolved in THF does 
not show AF (Figure 2A). The lack of AF of SMA in THF solution is potentially due to the 
clustering of MAnh that in influenced or the phenyl rings associate close enough to cause non-
radiative dissipation of the excited state by comparison to the PMV system. Now, it is 
reasonable to expect that the MAnh-FPNPs, with a molecular structure similar to SMA, having 
an additional crosslinker that causes highly crosslinking densities, little mobility and the 
rotational motions to be restricted will can the MAnh-FPNPs to become fluorescent.21,16,52 It is 
also envisaged that within our highly crosslinked FPNP system, once the MAnh group is 
hydrolyzed, AF will still occur as rotation is still prevented due to the crosslinks still being 
present. This hypothesis is tested by the modification of the MAnh group as well as by varying 
the concentration of DVB crosslinker added.  
 
Modification of MAnh moiety 
Confirmation of the MAnh moiety not being responsible for AF in our system, but rather being 
Figure 2: CFM image indicating AF at 405 nm excitation of A) SMA, B) MAnh-FPNPs, C) hydrolyzed 
(ring opened MAnh-FPNPs) and D) DMAPA-FPNPs. 
A B
C D
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due to the crosslinking nature (RIR), the AF MAnh-FPNPs (Figure 2B) were fully hydrolyzed and 
in a parallel experiment the MAnh-FPNPs were modified via a nucleophilic substitution reaction 
of DMAPA at the MAnh group on the particles. Both the hydrolyzed and DMAPA-modified 
particles still show AF (Figure 2C-D). The modification of the MAnh did not significantly alter the 
brightness of the AF, potentially indicating that the MAnh ring structure did not contribute to the 
AF of the MAnh-FPNPs, but rather the crosslinking nature (RIR effect) of the MAnh-FPNPs and 
that the AF is an inherent property of the MAnh-FPNPs regardless of further modification in the 
form of hydrolysis or amidation.  
 
Effect of varying crosslinker concentration  
The more rigid a structure and RIR within a polymer chains will lead to stronger emissions.21,51 
Crosslinking prevents chains from close packing (non-planar), RIR and makes the whole 
structure more rigid,53,54 all in favour of emission induced by UV irradiation. Our system showed 
the same phenomena, as the fluorescence intensity markedly increases upon increasing the 
concentration of crosslinker (Figure 3); this effect is presumably due to the increased crosslink 
density, which decreases the internal rotation ability of the polymers, thus blocking the 
nonradiative relaxation channel. This causes MAnh-FPNPs to become emissive, following the 
same phenomena as aggregation induced emission (AIE).18,25,53,54 At a lower crosslinking nature 
the low AF intensity can potentially be attributed to the lower crosslinking nature within the 
particles allowing swelling to occur and hence increasing the mobility of the chains that leads to 
the quenching of fluorescence.  
 
By testing this hypothesis, we have shown that the hydrolysis of the MAnh group does not 
cause a decrease in AF, indicating that the rigidness is still intact and that contribute to the AF 
Figure 3: AF as a function of varying crosslinker concentrations: 30 wt%, 25 wt%, 18 wt% and 8.5 wt% 
relative to total monomer concentration.  
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nature of the MAnh-FPNPs. To fully understand the mechanism of AF within the MAnh-FPNPs, 
a much more in-depth analysis will be needed, but we have shown here that the introduction of 
DVB as crosslinker plays a pivotal role in the AF property.  
 
Particle formation and morphology effects on AF property  
Although the effect of morphology on AF are not yet understood, an interesting phenomenon is 
observed, i.e. the morphology of the particles affects the intensity of AF. We investigated 
parameters, such as RAFT-agent- and monomer concentration that influence particle 
morphology (Chapter 3), and the effect on AF. It was observed that the longer the reaction time, 
the more particles became unstable and coagulated (Figure 4B-D).  
 
Figure 4: AF as a function of time, at time intervals 2 hours, 4 hours and 24 hours. Particle samples 
taken at hourly intervals (e.g. 2h, 4h and 24 hours). SEM images at B) 2 hour, C) 4 hours and D) 24 
hour time intervals.   
A 
C DB 
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C DB 
Figure 5: AF is shown as a function of RAFT-agent concentration. SEM images at B) 0 mole.L-1 RAFT 
(popcorn-shaped, 2m scale bar), B) 0.67 mole.L-1 RAFT (grainy, 1 m scale bar) and C) 3.70 mole.L-1 
RAFT (smooth, 1 m scale bar).   
A                
Although the nature of the polymer is virtually identical, one would expect little effect on the AF 
intensity, but we observed that there is almost no AF in coagulated MAnh-FPNPs compared to 
significant AF in well-defined MAnh-FPNPs (Figure 4A).  
 
Another change in morphology was observed when the particles were synthesized using RAFT-
agent. MAnh-FPNPs synthesized in the absence of RAFT-agent led to popcorn-shaped 
particles being obtained, and significant AF was observed (Figure 5B). In the presence of 
RAFT-agent, almost no AF is observed. Increasing the RAFT-agent concentration to             
0.67 mol·L-1, grainy particles are observed (Figure 5C), and to 3.70 mol·L-1, smooth particles are 
observed (Figure 5D) with a drastic decrease in AF intensity (Figure 5A).  
It must be noted that the introduction of RAFT agent not only changed morphology, but can also 
add to a chemical change in the system, that can influence the AF. We did however expect that 
the RAFT agent will not influence the AF property as the presence of RAFT agent should not 
interfere with crosslink density or the crosslinking nature (RIR of chains) to a large effect, but the 
results showed otherwise. The decrease of AF in the presence of RAFT-agent can potentially 
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be attributed to the process in which the chains grow in the presence of RAFT that changes in 
comparison to an experiment without RAFT-agent. For much longer time periods, there will be 
soluble and shorter polymer chains/oligomers in the reaction mixture that eventually lead to 
nucleation and particle growth, via monomer capturing (Chapter 3). Alongside the slower growth 
of polymer chains, the chains potentially have longer times to adopt a conformation of lower 
energy or packing that could influence the AF of the final particles. 
 
Particle morphology changed drastically with a change in monomer concentration. Two 
monomer concentrations were chosen; a higher monomer concentration (0.912 mol·L-1 
monomer) that produced popcorn shaped particles (Figure 6B), that showed a significantly 
higher intensity AF compared to smooth particles synthesized using lower monomer 
concentrations (0.684 mol·L-1 monomer) (Figure 6C).  The AF was shown to potentially stem  
from the role DVB plays in crosslinking that prevents chains of close packing (non-planar), RIR 
and making the whole structure more rigid, which corresponds well with literature.53,54 Although 
it cannot be fully concluded yet, the AF also seems to be influenced by the nature of the 
polymer that is dependent on the experimental parameters while synthesizing the MAnh-
FPNPs. 
 
Cytotoxicity of MAnh-FPNPs  
The feasibility was assessed of the use of AF MAnh-FPNPs as fluorescent probes or markers in 




Figure 6: AF shown as a function of monomer concentration. SEM images at B) 0.684 mol·L-1 
monomer and C) 0.912 mol·L-1 monomer. The images also show the particle morphology changes from 
grainy to popcorn shaped.   
BA 
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human isolated monocytes, differentiated into M1 type macrophages. The XTT assay is an 
advanced version of MTT, whereby the mitochondrial activity is assessed, which is a sign of 
metabolic activity and therefor cell viability.  
The relative cell viability (%), relative to control wells containing cell culture medium without 
nanoparticles, is expressed mathematically as follows and are a routine XTT assay55 : 
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%)  =  
𝑇𝑒𝑠𝑡492𝑛𝑚(𝑐𝑒𝑙𝑙𝑠/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠) –  𝐶𝑜𝑛𝑡𝑟𝑜𝑙492𝑛𝑚(𝑛𝑜 𝑐𝑒𝑙𝑙𝑠/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠) 
𝐶𝑜𝑛𝑡𝑟𝑜𝑙492𝑛𝑚(𝑛𝑜 𝑐𝑒𝑙𝑙𝑠/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠) − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 492𝑛𝑚(𝑛𝑜 𝑐𝑒𝑙𝑙𝑠/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠)
 
 
Equation 1: Equation to calculate the relative cell viability as a function of the control values. 
 
From these results, the introduction of AF MAnh-FPNPs at low concentrations (10 g/mL) 
resulted in reduced mitochondrial activity over short time periods (1h, 2h, 4h) (Figure 7A). 
Whereas mitochondrial activity was significantly rescued (109%) during extended treatment with 
AF MAnh-FPNPs (24h) at the same concentration, compared to 1h (p<0.01), 2h (p<0.05) and 
4h treatments (p<0.01).  
 
A similar but inverse trend is observed under more concentrated conditions (1 mg/mL). 
Mitochondrial activity is significantly upregulated during short treatment periods when compared 
to control (2h p<0.01 and 4h p<0.05). Notwithstanding significant upregulation at 24h treatment 
compared to control (p<0.0001), a significant reduction is still observed when compared to the 
Figure 7: Results of the XTT assay, showing the cytotoxic results for the Control, 10 g/mL and 1 
mg/mL experiments. Patterned bars showed a significant change compared to control (p<0.05). Bars 
with no pattern had no significant change when compared to control. 
A B
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earlier 2h (p<0.01) time point and this downward trend is also observed at 4h treatment, 
however nonsignificant compared to 24h (Figure 7B). Therefore, these novel, highly reactive AF 
MAnh-FPNPs are suitable for fluorescence microscopy studies to observe the uptake and 
localization of the functionalized particles. These assays where also done on mouse embryonic 
fibroblasts (MEFs) (SI Figure 7-8).  
 
Cellular uptake of AF MAnh-FPNPs  
Finally, to explore the applicability of these novel AF MAnh-FPNPs for fluorescent imaging as 
viable fiducial markers or probes, we incubated the AF MAnh-FPNPs with living cells and 
visualized the uptake of these particles using CFM. No extra fluorescent dyes had to be added 
to image the particle itself, as the particles exhibit auto-fluorescence. The AF MAnh-FPNPs can 
be used to study the intercellular distribution, co-localization and time it takes to internalize the 
particles.  
 
MAnh-FPNPs interaction with monocyte cell (macrophages) 
The uptake of AF MAnh-FPNPs was rapid, and already after 1 minute of incubation, the AF 
MAnh-FPNPs can be observed “lined up” on the cell membrane as bright blue spots (Figure 
8A). For imaging of the cell membrane, cells were stained with CellMask Orange (Life 
Technologies). After 3 minutes, the particles appear clearly inside the cell as blue/green spots 
(Figure 8B). The particles that were seen on the cell membrane (Figure 8A) are now inside the 
cell (Figure 8B) alongside a slight intensity/colour change. After 6 minutes, the particles are fully 
A B C
Figure 8: AF FPNPs uptake by primary human macrophages. Image A) is taken after 1 min incubation, 
B) after 3 min and C) is a maximum intensity projection done on multiple stacks taken through the cell 
after 20 minutes of incubation. 
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inside the cytosol particles (Figure 8C). This method clearly illustrates the location of particles 
inside host cells, as we focused on a certain plane, we observe the particles inside the cell in 
that specific plane. 
After 20 minutes of incubation, all the nanoparticles were internalized, with no apparent 
detrimental effect on the host cells. Figure 8C is a composite image compiled from a series of 
2D focus stacking images made by focusing up and down through the cells to acquire images at 
different planes though the cell, to provide a more comprehensive image of each cell, as can be 
evidenced for example by the relatively complete representation of the cell membrane, which 
can be seen as the 2D projection of the 3D structure instead of the usual ring-shape which is 
obtained in a single plane focus-image.48  
 
MAnh-FPNPs interaction with HUVECs 
Similar to the results in the macrophages, the uptake of AF MAnh-FPNPs by HUVECs was also 
rapid. The AF MAnh-FPNPs can be observed residing on the cell membrane (Figure 9A) as 
bright blue spots. After 3 minutes the particles are clearly observed within the cells as blue/ 
green spots (Figure 9B). The colour and intensity change is also apparent. After 20 minutes of 
incubation, the nanoparticles were internalized, again with no apparent negative effects on the 




A B C 
Figure 9: AF FPNPs uptake by HUVECs. Image A) are taken after 1 min incubation, B) 3 min 
and C) is a maximum intensity projection done on multiple stacks taken through the cell. 
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Current study design was not sufficient to conclusively confirm the mode of uptake; potential 
routes of uptake such as pinocytosis mediated by phosphoinositide 3-kinase (PI3K) and 
granulocyte-macrophage colony-stimulating factor (GM-CSF), as previously demonstrated57 in a 
somewhat different context, would need confirmation by immunocytochemical assessments. As 
preliminary investigation into uptake route, the potential of particles to provoke a phagocytic 
response (in that the cells recognize the particles as foreign objects to break down or remove 
from the body) in professional phagocytes (primary human macrophages) was assessed by 
using pHrodo bioparticles to monitor the phagosomal acidification indicative of phagocyte 
maturation, which is normally seen after phagocytic engulfment of particles. pHrodo bioparticle 
(incorporated into standard particles) is relatively non-fluorescent at neutral pH, with exponential 
increased fluorescence in acidic environments (pH<6.5).  
 
The co-localization of pHrodo (selected as red) and particles (blue) would thus indicate a 
phagocytic response of the cells to the particles. The fact that pHrodo dye and particles did not 
co-localize (Figure 10A-B) shows evidence counter to the idea of the particles eliciting a 
phagocytic response.  Other uptake routes remain to be investigated. 
Conclusions 
We have characterized novel MAnh-FPNPs that show AF, which stems from the highly 
crosslinked nature of the particles, making the particles more rigid and inhibiting intramolecular 
rotation, both characteristics that allow fluorescence. Although it cannot be fully concluded yet, 
Figure 10: AF FPNPs uptake by primary human macrophages in the presence of pHrodo particles. Co-
localization of both the particles and dye would indicate a phagocytic engulfment. In both images co-
localization is not observed. 
A B 
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the AF also seems to be influenced by the nature of the polymer that is dependent on the 
experimental parameters while synthesizing the MAnh-FPNPs. 
As the fluorescent property is incorporated within the polymer backbone, no addition of a 
fluorescent marker is needed. Additional benefits of these novel AF MAnh-FPNPs are that they 
show a high level of colloidal stability, possess uniform particle size and narrow size 
distributions with no leakage of fluorescence.  
Remarkably, despite the use of low particle concentrations, the signal obtained from the 
internalized particles was strong enough to obtain great signal-to-noise ratios, also suggesting 
the AF does not bleach or contaminate the surroundings. Moreover, these AF MAnh-FPNPs, in 
10 µg/mL and 1000 µg/mL concentrations, showed no signs of cytotoxicity. It was shown that 
these MAnh-FPNPs are internalized within 2 minutes and do not provoke a phagocytic response 
in professional phagocytes (primary macrophages). This is indicative of the absence of an 
antigenic response toward the particles by macrophages, which is an indication for 
biocompatibility. 
The AF MAnh-FPNPs could serve as useful probes in cell studies or fiducial markers for 
correlative microscopy, studying FPNP uptake, retention and distribution as the MAnh-FPNPs 
did not provoke a phagocytic response, and the particle size and morphology can be tuned. The 
particles can readily and easily be modified at the MAnh moiety, and hold the potential to 
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Poly(styrene-co-maleic anhydride-co-divinylbenzene) nanoparticles at the 
interface of a Pickering emulsion droplets as template for permeable 
microcapsules formation 
Abstract 
In this study, we report the synthesis of hybrid starch/poly(styrene-co-divinylbenzene-co-maleic 
anhydride) microcapsules (MCs) by crosslinking the stabilizing particles at the interface of an 
inverse Pickering emulsion droplet. Initially, poly(styrene-co-divinylbenzene-co-maleic 
anhydride) nanoparticles with sizes ranging from 200-400 nm were prepared via radical 
dispersion polymerization. The obtained nanoparticles were then modified with 3-
aminophenylboronic acid through a nucleophilic substitution on the MAnh residues. The 
resulting functional polymeric nanoparticles (MAnh-FPNPs) were subsequently used to fabricate 
50 µm microcapsules via inverse Pickering emulsion using water-soluble starch, with multiple 
1,2-hydroxyl groups to crosslink the capsules via borate ester formation. The successful 
crosslinking is shown by scanning electron microscopy (SEM), light microscopy (LM) and 
confocal fluorescence microscopy (CFM) analysis.  
Introduction 
The synthesis of microcapsules has gained widespread interest over the past decade due to 
their potential application in many fields including bio-medicine, the food industry and the oil 
industry.1,2 Encapsulation is defined as the process of entrapping or enclosing a core material 
(e.g. liquid, solid, living mammalian cells or bacteria etc.) inside a hollow cavity within a solid 
shell that serves as a protective physical barrier. Encapsulation processes offer great 
advantages in applications that require controlled release or immobilization of the core 
materials, such as in drug delivery systems, stabilization of food ingredients and the 
construction of inorganic protocells, functioning as confined reaction compartments for in situ 
gene expression.2–5 Traditionally, microcapsules (MCs) have been fabricated through 
polymerization at the interface between two immiscible solvents to produce the protective shell. 
However, this technique is associated with a number of disadvantages, such that the introduced 
components can increase or decrease the interfacial tension. The interfacial tension will affect 
the three-phase contact angle (θ) and a temperature change can cause big phase changes that 
will ultimately influence the stability of the emulsion.6–9  
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The components for the interfacial polymerization thus need to be carefully selected, not only for 
the change in  the θ  it can cause, but the components can cause possible side reactions, such 
as leaving behind unwanted material encapsulated, reactivity differences causing difficulty in 
controlling capsule dimensions and compatibility issues.2,10 A relatively new approach utilizes 
the pioneering work of Pickering11 and Ramsden12 on Pickering emulsions, and additionally 
crosslinks the stabilizing particles at the interface.13 This introduces a new and powerful 
approach to fabricate MCs, as illustrated in Figure 1. 
 
Colloidal particles form the basis of a Pickering emulsion, and various parameters need to be 
optimized, such as the decrease of interfacial energy, the wettability of the particles by both 
phases (also θ), the particle concentration, and volume of dispersed phase. A strong indicator 
and important parameter of Pickering emulsion stability is the θ the particles make with the two 
immiscible liquids. If the contact angle is < 90 º, an inverse Pickering emulsion will be preferred 
(w/o emulsion) and if the contact angle is > 90 º, a Pickering emulsion will be preferred (o/w 
emulsion) (Figure 1D). The closer the θ to 90 º and the smaller the particles, the higher the 
A B C 
Figure 1: General illustration of the steps necessary for microcapsule formation. A) FPNPs dispersed in 
a continuous phase and the crosslinker in the aqueous phase. B) Pickering emulsion is made using 
hand shaking as energy and C) individual MC made by using an appropriate crosslinker that allows the 
crosslinking of multiple FPNPs at the interface. D) The contact angle the particles make at the interface 
will stabilize a different emulsion. If the contact angle is < 90 º, an inverse Pickering emulsion will be 
preferred (o/w emulsion), if the contact angle is > 90 º, a Pickering emulsion will be preferred (w/o 
emulsion).  
D 
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energy of detachment from the interface, resulting in Pickering emulsions with high stability.14,15 
In Pickering emulsions, the radius of the emulsion droplet depends on the volume of dispersed 
phase, the total number of particles present and the area occupied by one particle. In equation 






Equation 1: Equation to calculate the different parameters of a Pickering emulsion for MC formation 
Where: rD is the radius of the Pickering droplet (m), VD is the total volume of the dispersed phase 
(m3), NA is the number of particles attached to the droplet interface when the particles are 
hexagonally packed, and Ap is the area occupied by an individual particle which can be 
described as Ap = 2√3R2 (m2), where R is the radius of the particles (m).  
Pickering emulsions are becoming more apparent as suitable templates for MC formation 
because of their extreme stability compared to their traditional surfactant stabilized counterparts, 
and the various benefits when compared to traditional ways of synthesizing MCs. The use of 
solid particles as shell material offers additional advantages when a permeable shell is required 
as the crosslinking of the stabilizing particles at the interface allows interstitial spaces among 
the crosslinked particles to contribute to the permeability of the capsules.17 This is particularly 
important when bioactive compounds or viable cells are encapsulated to allow passive diffusion 
of entrapped substrates or nutrients with low molecular weight through the semipermeable 
membrane.4 In such applications the shell should not interfere with the core material but protect 
it from the environmental conditions and/or processes, and be semi-permeable.3 Although a 
couple of examples of MCs mentioned above have been reported, mostly inorganic silica 
nanoparticles are utilized to produce MCs. 6,4,10,13,18,19  
 
Currently, inverse Pickering emulsions as templates for MCs offer many advantages and 
interesting applications. The main advantage of using inverse Pickering emulsions as MC 
synthesis template, is that sensitive and delicate materials that are water soluble can be 
encapsulated. Additionally, contamination of the core can be prevented during synthesis as the 
shell can be synthesized using benign components to the encapsulated material, allowing more 
control over the crosslinking parameter beforehand. Structures of this nature can possibly be 
found useful in applications such as drug carriers for sensitive materials, encapsulation of 
sensitive material or loci for catalytic reactions.1,17,20 
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Herein, we describe a simple and effective method to fabricate hybrid MCs based on 
starch/MAnh-FPNPs via templating inverse Pickering emulsions. Initially, MAnh-FPNPs based 
on poly(styrene-co-maleic anhydride-co-divinylbenzene) were synthesized, as seen in Figure 
1A, via a dispersion radical terpolymerization of maleic anhydride (MAnh), styrene (St), and 
divinylbenzene (DVB).21 The introduction of the highly reactive maleic anhydride moieties allows 
for a wide scope of additional modification as MAnh can react with various different 
functionalities, most notably with primary amines, and several functionalities of choice can be 
introduced via this chemistry.13,22,23 Additionally, upon ring opening of the maleic anhydride, the 
MAnh becomes more hydrophilic, favoring the aqueous phase while the styrene favors the 
continuous phase. For stable Pickering emulsions, the affinity for both phases or the ability of 
the particles being wetted by both phases are needed for the particles to adsorb at the interface, 
thus making these MAnh-FPNPs suitable stabilizing moieties for a Pickering emulsion.24 The 
reactive MAnh-FPNPs were further modified using a boronic acid (BA) obtaining BA-FPNPs that 
Figure 2: Schematic overview of the synthesis route to produce hybrid starch-FPNPs MCs. In the top 
illustration, the modification of PNPs with 3-aminophenylboronic acid is shown, producing BA-FPNPs. 
The BA-FPNPs are further modified using 1,3-propanediol to obtain BE-FPNPs. In the Pickering 
emulsion, the BE-FPNPs stabilize the aqueous phase and the purple band indicates the crosslinking 
that crosslink multiple BE-FPNPs at the interface producing novel MCs. 
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uphold the possibility of being crosslinked if a multifunctional polymer is added that has 
complementary groups to those on the BA-FPNPs (Figure 2A).  
 
In this study, starch was used as a polymeric crosslinker that facilitates the crosslinking due to 
its multiple diol functionalities. Thus, by stabilizing inverse Pickering emulsions (Figure 2B), and 
by crosslinking the stabilizing particles at the interface, MCs that are stable and permeable can 
be produced (Figure 2C). 
Materials and Methods  
Materials. Maleic anhydride (MAnh, Sigma Aldrich, 99%) was recrystallized from chloroform. Styrene (St, 
Fluka, 99.5%) was purified by distillation and stored over 4 Å molecular sieves at 4 °C, divinylbenzene 
(DVB, Sigma Aldrich, >99%) was used after inhibitor, t-butylcatechol, was removed by passing through an 
alumina column and stored over 4 Å molecular sieves also at 4 °C. Methyl ethyl ketone (MEK, Sigma 
Aldrich, >99.7%). n-Heptane (Kimix, anhydrous), toluene (Sigma Aldrich, anhydrous 99.5%), and 
tetrahydrofuran (THF) were distilled before use and stored over molecular sieves and double distilled 
deionized water (ddH2O, our lab), starch (Fluka, starch from potatoes) and 3-aminophenylboronic acid 
monohydrate (BA, Sigma Aldrich, >99.9%) and 1,3 propanediol (which was kindly donated by the W.A.L 
van Otterlo group) was used as received. 2,2’-Azo-bis(isobutyronitrile) (AIBN, Riedel de Haen) was 
recrystallized twice from methanol and dried under vacuum and stored at 4 °C.  
 
Synthesis  
MAnh-FPNPs. PNPs were synthesized as described in Chapter 3.  
 
Modification of the MAnh-FPNPs to obtain BE-FPNPs. Poly(St-co-DVB-co-MAnh) FPNPs (100 mg, 
0.30 mmol MAnh) were redispersed in DMF (10 mL). Various BA amounts 20%, 50% and 100% (mol% 
relative to MAnh) were used to fabricate the respective 20BA-, 50BA- and 100BA-FPNPs. In a typical 
experiment, to modify 20% MAnh, a solution of BA (16.47 mg, 0.120 mmol) in DMF (5 mL), was added 
dropwise to MAnh-FPNPs (200 mg MAnh-FPNPs, 0.60 mmol MAnh) dispersed in DMF. The reaction 
mixture was then refluxed to ensure ring closure of the maleimide rings. Thereafter, the mixture was 
allowed to cool to RT and the BA-FPNPs were washed with DMF twice, to ensure all unreacted reagents 
were removed and centrifuged to isolate BA-FPNPs. The particles were then dried under vacuum.  
For a typical synthesis of BE-FPNPs a 1:1 ratio of BA-PNPs to 1,3-propanediol was used to ensure 
boronate formation on the surface of the particles, producing BE-FPNPs. To 100 mg 20BA-PNPs (0.026 
mmol BA-functionality) in 5 mL THF was added 1,3-propanediol (1.94 mg, 0.026 mmol) in 2 mL dropwise. 
The mixture was allowed to react for 12 hours at 25 ºC, following two washing steps to ensure all 
unreacted reagents were removed, isolated by centrifugation and drying.  
 
Preparation of hybrid MCs. In a typical experiment, 5.4 mg starch was dissolved in water (0.1 mL) and 
the BE-FPNPs (10 mg) were dispersed into the toluene phase (8 mL) using a sonicator to ensure all 
particles were well dispersed within the continuous phase. The two phases were mixed and hand-shaken 
to ensure all particles formed part of the Pickering emulsion droplets.  
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Rhodamine functionalization of starch. In an additional experiment, the starch was labelled with a red 
fluorescent dye, Rhodamine B, via the OH functionality on the starch using a DCC coupling reaction. 
Rhodamine B (14.78 mg, 0.03 mmol, 1 mol% relative to OH functionality on starch) was added to 5 mL 
THF in a three neck round bottom and subsequently cooled to 0 ºC and degassed using argon. A catalytic 
amount of DMAP (0.38 mg, 3 µmol) was added to the mixture and allowed to stir for 10 minutes at 0 ºC, 
after which starch was added. DCC (6.37 mg, 0.03 mmol) was added dropwise under inert conditions. 
The reaction temperature was gradually increased to room temperature and the reaction was allowed to 
proceed for 12 hours.25 
Characterization and analysis 
Equipment. The PNPs were dispersed in the continuous phase using a sonicator. Pickering emulsions 
were formed by using a shear force created by a IKA Ultra-Turrax T25 Digital Homogenizer at 12000 rpm 
for 20 seconds, or using hand shaking.  
Electron microscopy measurements were performed on a Zeiss Merlin FEG-SEM unit working at a 
working distance of 3-4 mm, voltage of 5 kV, Iprobe of 250 pA and the inlens detector for high resolution 
imaging.  
CFM imaging was done using a Carl Zeiss LSM780 (Carl Zeiss, Germany) confocal microscope using the 
diode 405 nm CW/PS (pulsed) laser and the 655 nm laser to excite the auto-fluorescent particles and the 
rhodamine-labelled starch respectively. The objectives that were used include the EC “Plan 
apochromat”20x/0.8 M27, LD “Plan-Nuofluar” 40x/0.6 Corr M27 and LCI “Plan-Apochromat”63x/1.4 Oil 
DIC M27. For post processing ZEN 2011 imaging software (Carl Zeiss, Germany) was used.  
Light microscopy was conducted on a Zeiss Axio Scope.A1 Polarized Light Microscope. The 
microscope is fitted with various objectives, N-Achroplan pol 20x0.45, EC plan-Neofluar Pol 40x/0.9, EC 
Epoplan pol 50x/0.7, EC Epoplan-neopluar Pol 50x/0.8 and Epoplan-neofluar Pol 50x/1.0 
Results and discussion 
Synthesis of MAnh-FPNPs 
Previously synthesized monodispersed functional 
poly(styrene-co-maleic anhydride-co-
divinylbenzene) nanoparticles (the FPNP) 
(Chapter 3) with tunable sizes ranging from 200-
300 nm, were utilized for further modification 
(Figure 3). Modification via a nucleophilic 
substitution on the reactive MAnh residues, using 
3-aminophenylboronic acid monohydrate was 
done to introduce 3-aminophenylboronic acid 
(BA) functional groups and produce BA-functional 
nanoparticles (BA-FPNPs). The BA moieties 
serve as reactive functional groups towards diols 
Figure 3: Represented SEM image of the FPNPs 
used in the study. The particles had an average size 
of 200 nm and a narrow size distribution. Scale bar 
is 200 nm. 
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that can be used to crosslink the nanoparticles at the oil-water interface. 
The synthesis of the MAnh-FPNPs consisted of a surfactant-free dispersion polymerization in a 
methyl ethyl ketone (MEK): heptane (Hept) mixture with 2,2’-azo-bis(isobutyronitrile) (AIBN) as 
initiator. The styrene and DVB monomers were introduced to the reaction mixture and allowed 
seeding in the MAnh mixture to occur. Particle size and size distribution were controlled by 
varying the seeding % of the styrenic monomers, monomer addition rate as well as the 
crosslinker concentrations within the polymerization setup. An important reason to choose for 
small diameter particles is that the smaller the particle diameter, the higher the energy of 
detachment from the interface, hence better stability of the Pickering emulsion droplets and less 
coalescence between droplets.7,26,27 Monodispersed particles are a prerequisite, because the 
diameter and surface area in conjunction with a certain volume of dispersed phase is the basis 
for calculating the number of particles necessary to close-pack and cover the entire interface of 
a pre-decided droplet size. Another prerequisite for stabilizing Pickering emulsions is the contact 
angle between the particles and the two phases. A contact angle close to ninety degrees leads 
to a high energy of detachment of the particles from the interface, which results in an emulsion 
droplet with high stability.7,28,29 The synthesized FPNPs stabilized both oil-in-water and water-in-
oil Pickering emulsion droplets, indicating that the 3-phase contact angle of the particle with the 
two phases is close to 90. The amphiphilic nature of the particles, caused by the ring-opened 
MAnh and the hydrophobic segment of the styrene, contribute to this contact angle. 
Furthermore, the high reactivity of the MAnh makes it an attractive template for MC formation. 
 
Formation of inverse Pickering emulsions  
Inverse Pickering emulsions, i.e. water-in-oil emulsions, were produced under various 
experimental conditions. In our previous work,1,10,13 emulsification was achieved using a 
homogenizer (i.e. high shear emulsification techniques, that can deliver enough energy to 
disperse particles homogeneously at the interface and to promote droplets homogeneous in 
size). However, applications such as encapsulation of delicate matter such as living cells are 
incompatible with the use of such techniques since the high shear will affect the viability of the 
cells. Therefore, in this study the droplets were formed through hand-shaking for 20 seconds. 
As a result, the production of droplets of a homogeneous size as well as droplets of a specific 
size proved to be challenging. An average droplet diameter of 60 µm, unless indicated 
otherwise, was targeted according to the calculation that was introduced in the introduction. 
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For the preparation of Pickering emulsions utilizing various experimental conditions, hand-
shaking vs homogenization, changing the diameter of the stabilizing particles from 200 – 1300 
nm and particle concentrations from 0.5 wt% to 20 wt% relative to the dispersed phase were 
investigated. After the formation of Pickering emulsions using hand-shaking and 
homogenization, the particle layer at the interface is compared. In the case that hand-shaking is 
used as emulsification technique, debris is observed at the interface of the droplet (Figure 4A), 
compared to almost no debris in Figure 4B using homogenization. The debris is attributed to 
insufficient energy introduced to the Pickering emulsion during hand-shaking for emulsification, 
causing residual nanoparticles in the continuous phase to aggregate at the interface, whereas 
Figure 4: Pickering emulsions produced via A) handshaking and B) homogenizing. The two different 
methods were both successful in transferring enough particles to the droplet interface. A) Image 
indicates visible aggregated FPNPs at the interface responsible for the debris. B) Image indicates 
Pickering emulsion droplets with less debris at the interface. C) Is a 3D reconstructed image of 
hand-shaken Pickering droplets. D) LM image D of inverse Pickering emulsions produced. Scale bar 
on the CFM images are 20 µm and on the LM image 100 µm. Pickering emulsions were produced 
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high shear homogenization would ensure most of the particles at the monolayer in a closed-
packed formation. Refer to Figure 4C showing a 3D reconstruction of images taken through the 
hand-shaken droplets, showing the debris quite clearly. The rings in the image are attributed to 
artefacts of the Z-stacking technique. Figure 4D shows a LM image of the hand-shaking-
produced Pickering emulsion droplets. The reason we used hand-shaking in the following 
sections is that for applications like the encapsulation of live cells, the encapsulated cells will not 
survive homogenization (or high shear). 
Additionally, it was observed that the stability of Pickering emulsions was greatly affected by the 
size and concentration of MAnh-FPNPs. Stable Pickering emulsions, i.e. several months, were 
obtained using MAnh-FPNPs of 200 nm diameter and a particle concentration of 10 wt% 
(relative to dispersed phase) as seen in Figure 4D.  The MAnh-FPNPs with 200 nm particle 
diameter gave the most stable Pickering emulsion droplets, and the various parameters tested 
are shown in   Table 1.  
 
Table 1: Overview of the different Pickering emulsions produced with varying parameters.  
Particle 








200 0.5 wt% Water Toluene No No 
200 1.0 wt% Water Toluene Yes No 
200 2.2 wt% Water Toluene Yes No 
200 5.0 wt% Water Toluene Yes 1/2 
200 10  wt% Water Toluene Yes Yes 
200 10 wt% Water Ethyl acetate Yes Yes 
200 10 wt% Water Cyclohexane Yes No 
 
It was seen that the particle size and particle concentration play an important role in the stability 
of the inverse Pickering emulsions, which is in agreement with literature.30–32 It was also 
observed (images not shown) that stable Pickering emulsions could be obtained, which further 
strengthens the idea that these MAnh-FPNPs have a θ close to 90 º resulting in Pickering and 
inverse Pickering emulsions with high stability.14,15 
The continuous phase was replaced to assess the stability of the Pickering emulsion droplets. 
As no crosslinking of individual particles at the interface had occurred yet, the droplets will fall 
apart if there is water on the outside and on the inside. It was indeed shown that by direct 
transfer of the droplets from the emulsion phase into pure water, replacing the continuous phase 
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of a w/o Pickering emulsion by water leads to complete destabilization of the structure. By 
crosslinking the particles at the interface (i.e. introduction of a shell to prevent droplet 
coalescence) stable MCs can fabricated.  
 
Microcapsule synthesis 
A water-soluble starch, with 1,2-dihydroxy functionalities, was used as a stabilizer to crosslink 
BA-FPNPs on the droplet interface, via boronate-ester bond formation. The stability of the MCs 
as a function of BA concentration was investigated by decorating the FPNP with different 
fractions of BA, viz. 20%, 50% and 100%, relative to the amount of accessible MAnh on the 
particle, to produce respectively 20BA-, 50BA- and 100BA-FPNPs. The reaction between the 
MAnh residues and BA producing BA-FPNPs can been seen in Scheme 1. 
 
When BA-FPNPs were used for the synthesis of starch crosslinked MCs, the droplets were 
destabilized before MCs could be formed. This instability was tentatively attributed to the 
reaction between boronic acid and the 1,2-diol of starch being very quick.33–35 In literature, the 
ionization of boronic acid in the presence of a diol is well documented.33–35 Boronic acid is able 
to interact with a base through a pair of electrons, like a hydroxide, via a transesterification 
reactions to form a boronate ester.34,36 Polyols with multiple 1,2-diol pairs have been shown to 
have a higher equilibrium constant compared to single diol compounds.34 The affinity of 
boronates for diols in most carbohydrates is in the order: 1,2-diol > 1,3-diol, making the boron-
1,2-diol interaction preferred and more stable.36  
Following the literature, it was hypothesized that reacting the BA moieties on the surface of the 
particles with 1,3-propanediol, the resulting BE-FPNPs will be more stable once the starch is 
Scheme 1: Chemical modification of the MAnh groups via a nucleophilic substitution reaction via the 
introduction of the primary amine on BA, followed by a ring closure reaction, obtaining BA-FPNPs. 
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introduced and the destabilization of the droplets will be prevented. Consequently, the BA-
FPNPs were further modified using 1,3-propandiol to produce boronate ester decorated FPNPs 
(BE-FPNPs) (Scheme 2). The exchange of the starch’s 1,2-diol, with the 1,3-diol on the surface 
of the particles, is more preferred and slower than just introducing the starch to the BA moieties, 
thus slowing the crosslinking of multiple particles at the interface once the starch was added. 
 
 
Figure 5 shows the ATR-FTIR spectra of FPNP, BA-FPNPs and BE-FPNPs. The MAnh-FPNPs 
before any modification had the characteristic MAnh carbonyl bands at 1772 cm-1 and 1854 cm-
1. After surface modification and dialysis to ensure all excess or unbound modification agents 
are removed  (refer to Figure 5B and 5C), the appearance of a new strong band at 1720 cm-1 
and 1645 cm-1 is due to successful introduction of BA and formation of the imide group.37 
Intensity also increases from 20-BA (refer to Figure 5B) to 100-BA FPNPs (refer to Figure 5C). 
Additionally the newly introduced B-OH band at 1388 cm-1  and 1226 cm-1 is confirmation of 
successful modification.35 After further modification of the BA moieties with 1,3-propanediol to 
BE-FPNPs, the disappearance of the B-OH peaks at 1388 cm-1 and 1226 cm-1 and the 








Scheme 2: Chemical illustration of the end capping/protection of the boronic acid (BA) group using 
1,3-propanediol forming a boronate ester bond 
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The MCs are produced, with encapsulated starch inside the droplets, allowing crosslinking 
between one multi-diol containing starch-chain and multiple BE-FPNPs particles that are in 
close proximity, which results in shell formation at the interface (Scheme 3). Crosslinking of the 
particles at the water-oil interface occurs via the starch displacing the 1,3-diol on the BE-FPNPs 
Scheme 3: Illustration showing the crosslinking of multiple FPNPs with one multi-diol starch chain via 
the displacement of the 1, 3-propanediol on the BE-FPNPs surface with the 1,2-diols on the starch 





Figure 5: ATR-FTIR spectra of the A) FPNPs, B) 20-BA-FPNPs, C) 100-BA FPNPs and D) BE-FPNPs 
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surface as polyols with multiple 1,2-diol pairs have been shown to have a higher equilibrium 
constant compared to single diol compounds.34 Not only does multiple diols get preferred but the 
affinity of boronates for diols in most carbohydrates is in the order: 1,2-diol > 1,3-diol, making 
the boron-1,2-diol interaction preferred and more stable36, resulting in hybrid starch-FPNPs MCs 
(starch-MCs).  
 
The fabrication of stable starch-MCs requires sufficient amounts of starch to effectively crosslink 
multiple BE-FPNPs at the interface. Insufficient amounts of starch will not crosslink enough 
particles to stabilize the particles at the interface for stable MC formation. To fabricate MCs, 
MAnh-FPNPs with different BE-content as well as various starch concentrations were used 
(Table 2). Table 2 indicates the conditions where stable MCs are produced that could be 
redispersed/ transferred into a THF/aqueous phase mixture. 
 
Table 2: Summary of the parameters tested for MC formation. MCs stability was tested as a function of 
BE functionalization and starch concentration. 
















1 0.1 8.0 - - - - 
2.8 0.1 8.0 - - y y 
5.4 0.1 8.0 - y y y 
10 0.1 8.0 - y y y 
20 0.1 8.0 - y - - 
* y indicates successful MC production and - indicates unsuccessful MC production. 
 
Stable starch-MCs were successfully obtained using 5.4 - 10 wt% starch (relative to dispersed 
phase) as indicated by SEM and LM images (refer to Figure 6). Figure 6A shows a LM image of 
the produced MCs with intact spherical capsules. MCs are not attached to each other, which is 
expected as the capsule-forming reaction occurred within each droplet from the inside out. LM 
as a technique to visualize the MCs is non-destructive, as no vacuum is needed. However, due 
to the nature of the SEM analysis, which is performed at high vacuum, deformed spherical 
shape (i.e. deflated) MCs are expected. Should insufficient crosslinking occur and the MCs do 
not form, MCs would collapse under the high vacuum of the SEM technique, resulting in no 
structure and mostly individual particles. Should sufficient crosslinking of individual particles 
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occur and MCs produced, deflated MCs will be seen under the high vacuum of the SEM 
technique. Indeed, SEM images in Figures 6B-6D show a number of deflated individual MCs 
with retained shell structures, suggesting the successful formation of stable MCs using 5.4 -10 
wt% starch. MC formation was unsuccessful using only 1 wt% starch, indicative of insufficient 
starch for the crosslinking to stabilize particles at the interface. It was also observed that in the 
case of 20 wt% starch, no MCs were produced. This observation at 20 wt% starch can possibly 
be attributed to the addition of excess crosslinker, leading to one BE-functional group reacting 
with one crosslinker chain, which will also lead to unsuccessful crosslinking. At the high starch 
concentrations, possible solubility problems may arise due to an increased local viscosity within 
each droplet leading to early precipitation of starch.   
 
  
Confocal Fluorescence Microscopy (CFM) was also used to visualize and confirm the starch 
layer as well as the successful synthesis of MCs. The starch used in this experiment, was first 
tagged with Rhodamine B through EDC coupling. Using 100-BE FPNPs and 1 wt% starch, one 
can see the disjointed starch layer, indicated by the arrows (Figure 7A). This indicates 
insufficient crosslinking of particles at the interface, and the unsuccessful capsule formation is 
D C 
A B 
Figure 6: A) LM image of MCs produced, scale bar in the LM image is 40 µm. B-C) SEM images of 
MCs showing deflated MCs, due to the high vacuum, but structures still intact, scale bar is 100 µm 
and 30 µm respectively. D) SEM image of a capsule after redispersion into THF showing an intact 
capsule, scale bar is 20 µm. 
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confirmed. Capsules made using 10 wt% starch, show a more continuous layer of starch at the 
interface (Figure 7B), which is an indication that successful capsule formation occurred in good 
correlation to the redispersion results indicated in Table 2. 
Permeability is particularly important when encapsulating live cells to allow the exchange of 
small molecules, such as nutrients and excreted products, across the barrier or shell. For the 
preparation of MCs dispersed in one phase, both continuous and dispersed phase were 
gradually replaced by 100% THF to assess the permeability of the MCs. Hence, MCs deflate as 
water molecules leave the MC. Figure 8A shows a LM image of hybrid starch-MCs that were 
redispersed into 100% THF. Interestingly, the MCs shows to be permeable and able to re-
inflated upon addition of original solvent, the deflated MC start re-inflating, seen Figure 8B-E 
that was taken as a function of solvent added. The re-inflation is indicated by the arrow until 




Figure 7: Images showing only the starch layer at two different starch concentrations using 100-BE 
FPNPs. A) MCs produced using 1 wt% starch and B) MCs produced using 10 wt% starch. Scale bar is 
20 µm. 
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Interestingly, as shown in Figure 9A, the BE-FPNPs auto-fluoresce at an excitation wavelength 
of 405 nm. Figure 9B shows the fluorescent dye labelled-starch, excited using 655 nm 
wavelength, with Figure 9C an overlay of the two colours. This suggests that the starch is in 
contact with the BE-FPNPs within the MCs, confirming the formation of stable MCs.  This further 
indicates that almost all the polymer is in close proximity of the BE-FPNPs around the water 
droplets. The capsules showed successful crosslinking of the BE-FPNPs at the interface that 
led to stable and permeable capsules that adds value and scope to FPNPs, making these 
particles and template promising candidates for various applications such as the encapsulation 
of live organisms, due to the ease of decorating them with a wide variety of functional groups. 
A B C 
Figure 8: A) LM image of hybrid starch-MCs that were redispersed into 100% THF B-E) Images of re-
inflating MCs as equilibrium is reached to almost 100% original size. Indicated scale bar is 20 µm. 
D E
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Conclusions 
In conclusion, we have successfully prepared hybrid starch-poly(styrene-co-divinylbenzene-co-
maleic anhydride) MCs using inverse Pickering emulsion droplets as template, comprising of the 
self-organization of FPNPs at the interface of the droplets and the crosslinking thereof using a 
multifunctional polymer. The PNPs were successfully decorated with BA and further modified 
with a 1,3-diol to obtain BE-FPNPs. The reaction of the multiple functional starch with 
complementary groups on the individual particles resulted in the MCs forming from the inside of 
the emulsion droplets. 
The diameter of these hybrid hollow spheres can be tailored in the range of 10-300 µm by the 
variation of the total relative amount of aqueous phase added and the particle concentration. 
Such hybrid MCs may find applications as drug carriers or encapsulation vessels. 
This type of MC can be further used in the field of encapsulation of sensitive live micro-
organisms. Considering the versatility and the straightforward synthesis method, the procedure 
might be applicable to the encapsulation of delicate materials, live cells or live organisms.  
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Triggered degradation of permeable hybrid polymer-FPNP capsules and 
encapsulation of micro-organisms 
A simple, effective and benign method for the fabrication of hybrid permeable starch-FPNP 
based-MCs and the encapsulation of E. coli. along with the triggered degradation of the capsule 
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Triggered degradation of hybrid starch-poly(styrene-co-divinylbenzene-co-maleic 
anhydride) nanoparticle-based capsules using encapsulated micro-organisms 
Abstract 
The triggered degradation of hybrid starch-poly(styrene-co-maleic anhydride-co-divinylbenzene) 
nanoparticle-based microcapsules (MCs) was tracked after encapsulation of genetically 
modified Escherichia coli cells expressing recombinant amylase. The AmyA α-amylase was 
under the control of the inducible GAL10 promotor. This allowed for the triggered release of the 
enzyme upon exposure to a galactose trigger. The permeable MCs were produced by 
simultaneous templating of inverse Pickering emulsions and interfacial crosslinking of the 
stabilizing nanoparticles at the emulsion droplet interface. Starch was added to a bacteria 
suspension in growth media, and introduced as the aqueous phase in the Pickering emulsion 
that was created via hand-shaking. The crosslinking reaction to produce capsules took place 
concurrently with the emulsification process. Amylases cleave internal bonds in starch 
molecules, which results in the degradation of starch serving to crosslink multiple boronate 
ester-FPNPs at the interface. 
 
Introduction 
The encapsulation of viable microbial cells within microcapsules (MCs) has gained increasing 
interest over the past decade.1–3 Encapsulation is the process where a substance (the core) is 
surrounded, covered and/or protected by a physical barrier (the shell). Specifically, in 
applications where bioactive materials or viable cells are encapsulated, the barrier should not 
interfere with the encapsulated material, but protect it from environmental conditions and/or 
processes, and simultaneously be permeable.2,4–9 The barrier or capsule should be permeable 
to small molecules and even macromolecules, but impermeable to larger encapsulated 
materials, like mammalian cells or bacteria. Furthermore, the capsule should be benign towards 
encapsulated microorganisms or cells.6 During the synthesis of the capsules, the viability of the 
encapsulated material is the most challenging, as microorganisms and mammalian cells are 
sensitive towards small fluctuations in environmental conditions that include: temperature, pH 
and the introduction of toxic chemicals during the capsule-formation process.7,10,11 
Currently, various techniques exist to synthesize microcapsules (MCs), however for the 
preparation of MCs using inverse Pickering emulsions as templates (Figure 1) has seldom been 
reported2,12,13 but offers high colloidal stability and tunable droplet sizes. Additionally, the 
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interstitial spaces along the interface allow for permeable capsules to be synthesized14–16. The 
main challenge arises in that chemistries used for capsule formation should allow a benign 
environment for the encapsulated material, as shown by only a few exceptions that bacteria can 
survive harsh environments.17  
 
Microcapsules composed of nanometer-sized 
colloidal building blocks can potentially be 
applied in fields such as carriers for sensitive 
materials1,18, loci for catalytic reactions19 and 
encapsulation of food products to name only 
a few.20,21,22  
Using functional polymeric nanoparticles 
(FPNPs) that have an affinity for both the 
continuous phase and the aqueous phase, 
inverse Pickering  emulsions can be 
stabilized, and by crosslinking the particles at 
the interface, MCs that are stable and 
permeable can be produced (Chapter 5).23  
The method for MC formation and 
simultaneous encapsulation of live micro-
organisms needs to have certain 
characteristics. Firstly, the barrier should be 
permeable for small molecules, but impermeable for the encapsulated micro-organisms. 
Secondly, the formation of the MC shell should not interfere with the viability of the 
encapsulated micro-organisms.  
 
Hybrid permeable starch-FPNP based-MCs synthesized in Chapter 5 were used for the 
encapsulation of E. coli. E. coli is commonly used as a model system for the expression of 
specific proteins. One of the obvious advantages is that this modified E. coli allows for the 
secretion of AmyA without additional expression vectors needed. AmyA is required for the 
anticipated triggered degradation of the capsule wall. These MCs are synthesized and 
produced, as shown in Figure2, by crosslinking the particles (indicated by the purple band) from 
an inverse Pickering emulsion stabilized by BE-FPNPs. The MAnh-FPNPs were synthesized 
previously, and contain highly reactive maleic anhydride moieties that can react with various 
Figure 1: Schematic illustration of general inverse 
Pickering emulsion (w/o) emulsion stabilized by 
colloidal particles.  
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other functionalities (Chapters 3 and 5). In this work, the MAnh moieties are used to introduce 
pendant boronic acid (BA) moieties on the particle surface, as described in Chapter 5. Starch 
was used as the polymeric crosslinker that facilitates the crosslinking of multiple individual 
FPNPs at the inverse Pickering emulsion droplet interface, through multiple diol functionalities 
on the starch interacting with the BA moieties on the BA-FPNPs. Beneficial characteristics of 
starch as a crosslinker are its biodegradability and the benign properties it has towards live 
cells. For the encapsulation of viable micro-organisms, the ability for the MCs to be permeable 
and stable is a prerequist, since the viability is dependant on the  introduction of nutrients that 
are used by the micro-organisms for their metabolic processes. It is thus envisaged that the 
formation of permeable capsules and the encapsulation/ entrapment of live bacteria that could, 
upon a trigger, degrade the capsule wall, could be simultaneously achieved through this 
encapsulation procedure. The triggered release of the encapsualted material is a novel feature 
of the MCs that we hope to achieve. The general fabrication of MCs is presented in Chapter 5, 
Figure 2. 
 
To the authors’ knowledge, this is the first time that work is reported on the development of 
permeable MC formation benign to the encapsulate bacteria, with the addition of triggered 
degradation of the MC wall leading to the possible release of the encapsulated bacteria. The 
encapsulation and viability of the bacteria within the MCs was determined using confocal 
fluorescence microscopy (CFM). To demonstrate the scope of FPNP-stabilized MCs having 
potential triggered release of the encapsulated material, live bacteria were encapsulated, that 
upon a trigger can degrade the starch-FPNPs MC wall.  
Experimental Methods  
Materials. Maleic anhydride (MAnh, Sigma Aldrich, 99%) was re-crystallized from chloroform. Styrene 
(St, Fluka, 99.5%) was purified by distillation and stored over 4 Å molecular sieves at 4 °C, 
divinylbenzene (DVB, Sigma Aldrich, >99%) was used after inhibitor, t-butylcatechol, was removed by 
passing through an alumina column and stored over 4 Å molecular sieves also at 4 °C. Methyl ethyl 
ketone (MEK, Sigma Aldrich, >99.7%), n-heptane (Kimix, anhydrous), toluene (Sigma Aldrich, anhydrous 
99.5%), tetrahydrofuran (THF) were distilled before use and stored over molecular sieves. Double distilled 
deionized water (ddH2O, our lab), starch (Fluka, starch from potatoes), 3-aminophenylboronic acid 
monohydrate (BA, Sigma Aldrich, >99.9%) and 1,3 propanediol (kindly donated by the W.A.L van Otterlo 
group) was used as received. 2, 2’-Azo-bis(isobutyronitrile) (AIBN, Riedel de Haen) was recrystallized 
twice from methanol and dried under vacuum, and stored at 4 °C.  
 
DNA manipulations and transformations. The polymerase chain reaction (PCR) was performed using a 
Perkin Elmer Gene Amp® PCR System 2400 and TaKaRa Ex Taq™ (Takara Bio Inc, Japan), as per the 
manufacturer’s recommendations. The GAL10 promoter was amplified using primers listed in Table 1 
Stellenbosch University  https://scholar.sun.ac.za
 
 
108 | P a g e  
(Inqaba Biotec, Pretoria, South Africa) designed for yeast mediated ligation (YML) and visualized on a 
0.80% agarose gel. DNA was eluted from agarose gels with the Zymoclean™ Gel Recovery Kit 
(Zymo Research, California, USA).  
 
Table 1. Primers used for PCR amplification of the GAL10 promoter  








The yBBH1-AmyA_Gal10 episomal plasmid was constructed using YML with S. cerevisiae Y294 as 
host.31 S. cerevisiae Y294[AmyA_Gal10] transformants were selected according to Cripwell et al.,32 the 
yBBH1-AmyA_Gal10 vector was retrieved and transformed into E. coli DH5α. Plasmid DNA was isolated 
using the High Pure Plasmid Isolation kit (Roche, Mannheim, Germany). Standard protocols were 
followed for all DNA manipulations and E. coli transformations.33 Unless stated otherwise, all chemicals 
for E. coli transformation were of analytical grade and were obtained from Merck (Darmstadt, Germany). 
The E. coli transformants were cultivated at 37 °C in Terrific Broth (12 g·L-1 tryptone, 24 g·L-1 yeast 
extract, 4 mL·L-1 glycerol, 0.1 M potassium phosphate buffer) containing 100 µg·mL-1 ampicillin for 
selective pressure.33  
 
Amylase gene and GenBank accession number. The amyA gene originated from Aspergillus 
tubingensis (Accession number JF809672). 
 
Strains and plasmids. The genotypes of the bacterial strains, as well as the plasmids used in this study 
are summarized in Table 2. 
 
Table 2. Strains and plasmids used in this study  
Strains and plasmids Genotype Reference/Source 
Strains   
E. coli DH5α 
supE44 ΔlacU169 (ϕ80lacZΔM15) hsdR17 
recA1 endA1 gyrA96 thi-1 relA1 
34 
E. coli DH5α[AmyA_GAL10] bla GAL10P-amyA-ENO1T This study 
S. cerevisiae Y294 α leu2-3,112 ura3-52 his3 trp1-289 ATCC 201160 
S. cerevisiae Y294[AmyA_Gal10] URA3 GAL10P-amyA-ENO1T This study 
Plasmids   
pUC19-GAL10X URA3-GAL10p-XYN2-PGK1T-G418-URA3 Microbiology 
Dept.Stellenbosch  
yBBH1-AmyA bla URA3 ENO1P-amyA-ENO1T 35 




MAnh-FPNPs. PNPs were synthesized as reported in Chapter 3.  
 
Modification of the MAnh-FPNPs to obtain 100BE-FPNPs, Rhodamine B labelling of starch and 
preparation of hybrid MCs. The modification of the MAnh-FPNPs and the labelling of the starch 
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necessary for capsule formation is similar to the procedures described in Chapter 5 for producing the 
MCs.   
 
 
Encapsulation of bacteria and degradation of MC wall. The same general procedure was followed as 
in Chapter 5 for MC formation was followed for the production of MCs . Instead of using water as 
dispersed phase, TB broth containing viable bacteria was used. In a typical experiment, 5.4 mg starch 
was dissolved in the bacteria suspension in TB broth (0.1 mL). BE-FPNPs (10 mg) were dispersed in the 
toluene layer using a sonicator to ensure all particles were well dispersed. Once the starch was dissolved 
the two phases were mixed and hand-shaken to produce MCs hosting viable bacteria. For the 
degradation studies, galactose was added to the TB broth right before encapsulation to allow bacteria to 
produce amylase.  
 
Characterization and analysis 
Electron microscopy measurements were performed on a Zeiss Merlin FEGSEM unit working at a 
working distance of 3-4 mm, voltage of 5 kV, Iprobe of 250 pA and the inlens detector for high resolution 
imaging.  
Confocal fluorescent microscopy (CFM) imaging was done using a Carl Zeiss LSM780 (Carl Zeiss, 
Germany) confocal microscope using the diode 405 nm CW/PS (pulsed) laser, argon multiline laser 
25mW at 488 nm and the 561 nm laser to excite the auto-fluorescent particles, DAPI and the rhodamine-
labelled starch respectively. The objectives that were used includes the EC “Plan-Apochromat”20x/0.8 
M27, LD “Plan-Nuofluar” 40x/0.6 Corr M27 and LCI “Plan-Apochromat”63x/1.4 Oil DIC M27. For post 
processing ZEN 2011 imaging software (Carl Zeiss (Germany) was used. To compare the fluorescence of 
the Rhodamine-B starch degradation, the fluorescence was measured using standard setup parameters. 
All intensities were measured using the same settings and the fluorescence is given as a relative mean 
fluorescent intensity (RMFIs) value. RMFIs are scaled units of fluorescence.58 The images are stored as 
16-bit images, varying in shades of grey. The brightness of each pixel is divided into a range from 0 to 
243, with 0 being black and 243 being the brightest intensity. The RMFIs (a.u) within that range was taken 
and AF compared.40 
Light microscopy was conducted on a Zeiss Axio Scope.A1 Polarized Light Microscope. Microscope is 
fitted with various objectives, N-Achroplan pol 20x0.45, EC plan-Neofluar Pol 40x/0.9, EC Epoplan pol 
50x/0.7, EC Epoplan-neopluar Pol 50x/0.8 and Epoplan-neofluar Pol 50x/1.0. 
Results and Discussion 
Synthesis of MAnh-FPNPs 
Previously reported MAnh-FPNPs, with tunable size, morphology and surface chemistries, were 
used as the basis for MC formation using an inverse Pickering emulsion as a template (refer to 
Chapter 3 and Chapter 5). The particles are synthesized via a surfactant-free dispersion 
polymerization of styrene (St), divinylbenzene (DVB) and maleic anhydride (MAnh) in a 
butanone-n-heptane mixture in the presence of a radical initiator.  
Subsequently, the MAnh-FPNPs were decorated with 3-aminophenylboronic acid monohydrate 
(BA) via the reactive MAnh group introducing functional groups, to obtain BA-modified FPNPs 
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(BA-FPNPs). This was achieved using a nucleophilic substitution reaction at the MAnh group, 
including the ring opening reaction of the MAnh moiety, and a nucleophilic addition of the amine, 
followed by a ring closure reaction producing a five-membered imide ring. Further modification 
of the BA functionality, using a 1,3-propanediol, was performed to obtain the corresponding 
boronate ester decorated FPNPs (BE-FPNPs) (Refer to Chapter 5).  
 
Formation of inverse Pickering emulsions  
Ultimately, for MC fabrication (Chapter 5), the individual particles at a Pickering emulsion droplet 
interface had to be crosslinked. Stable inverse Pickering emulsions were produced, although 
polydisperse droplets and clumps at the interface were observed (Figure 2A/2B), the emulsions 
showed to be stable, and macroscopic phase separation was not observed for several months.  
The clumps on the interface can be attributed to the amount of energy required to produce a 
monolayer of particles at the interface. The process requires enough energy and time to transfer 
all the particles to the interface. Emulsification obtained by hand-shaking did not allow the 
amount of energy added to the emulsion to be sufficient, resulting in an emulsion with a broader 
polydispersity in droplets size and aggregates of particles at the interface. Despite this, the 
encapsulation of viable bacteria does not allow the use of high shear.  
 
Microcapsule synthesis and encapsulation 
Starch, being a hydrophilic biopolymer, was added to the aqueous phase before emulsification, 
and the reaction between a boronic acid and 1,2-diol is well documented in literature.26–29 The 
further modification of the BA-FPNPs to BE-FPNPs was done as the reactivity between BA-
Figure 2: A) CFM image of a stable inverse Pickering emulsion produced via hand shaking, scale bar is 
10 µm. B) LM image of capsules that were formed after the introduction of starch, scale bar is 30 µm and 
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FPNPs and 1,2-diol (starch) resulted in destabilization of the Pickering emulsion droplets before 
MCs could be produced. It was shown in previous chapter that the presence of BE-FPNPs 
instead of BA-FPNPs slows down the reaction between the 1,2-diol-starch and BE-FPNPs 
sufficiently for MC formation to occur (Chapter 5). A transesterification reaction between a 1,2-
diol and the BE-FPNPs proceeded at the Pickering emulsion droplet interface by the 
replacement of the 1,3-diol with the 1,2-diol, with this reaction being preferred, and resulted in 
crosslinking of the individual particles from the inside of the droplet, sufficient to produce the 
MCs. Using LM that is a non-destructive imaging technique, the produced MCs could be 
visualized (Figure 2B). The capsules needed to be dried before SEM analysis, and the analysis 
itself took place under high vacuum. Consequently, collapsed/deflated capsules were expected 
as a result of evaporation of the aqueous phase from within the capsules (Figure 2C). These 
results are indicative of successful MC formation. For a more in-depth report on the MC 
formation, please refer to previous chapter.  
MCs with encapsulated bacteria were produced by the addition of E. coli, that was transfected 
and cloned to be able to produce amylase upon exposure to a galactose trigger, suspended in 
Terrific Broth (TB broth) as the aqueous phase, combined with various concentrations of starch 
to ensure that the crosslinking occurred at the interface. It was found that 5.4-10 wt% starch, 
relative to growth medium also gave permeable and the most stable MCs, similar to Chapter 5. 
The aqueous phase was added to the particle dispersion in toluene (as the continuous phase) 
and hand-shaking took place for 30 seconds. As discussed in Chapter 5, the addition of starch 
did not influence the stability of the inverse Pickering emulsion. However, the starch proved to 
crosslink sufficient individual particles for MC formation. Confocal fluorescence microscopy 
Figure 3: A) Positive control of viable bacteria stained with DAPI, B) Negative control of dead bacteria 
stained with PI and C) MCs with encapsulated bacteria. Scale bar is 50 µm 
B  C 
A 
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(CFM) was used to image the newly formed MCs, hosting encapsulated bacteria (Figure 3). 
The MAnh-FPNPs were previously shown to be benign to cells (Chapter 4) and to evaluate the 
viability of the encapsulated bacteria, techniques based on fluorescent staining were utilized. 
Viable cells were stained with 4',6-diamidino-2-phenylindole (DAPI, blue), and propidium iodide 
(PI, red) that only penetrates a cell once the cell membrane is compromised, which is indicative 
of non-viable cells. Positive and negative controls of E. coli were imaged and are shown in 
Figure 3A and Figure 3B respectively with the MC hosting the encapsulated bacteria in Figure 
3C. Positive control experiments were done by dispersing the bacterial cells in the growth 
medium and imaged after the addition of DAPI and PI, and for the negative control, ethanol was 
added to the cells to ensure cell death. The MAnh-FPNPs were previously shown to be auto-
fluorescent (Chapter 4) and were excited using the 405 nm laser (green), that overlapped with 
the absorption spectrum of DAPI to a small degree, that is excited using the 488 nm laser 
(blue). PI was excited using 633 nm laser (red). E. coli was dispersed in TB medium and 
encapsulated within the MCs, and it was apparent that at least 90% of the bacteria remained 
viable within the MCs (Figure 3C).  
Finally, to visualize the starch MC wall and the 
degradation of it upon a trigger, starch was 
fluorescently labelled with Rhodamine-B. 
Figure 4 is a composite image compiled from a 
series of 2D focus stacking images, using CFM, 
made by focusing up and down through the MCs 
to acquire images at different planes, to provide 
a more comprehensive image of the MCs.30 The 
stacks were reconstructed and projected into a 
2D image of the 3D structure of individual MCs 
with encapsulated bacteria (Figure 4). The image 
shows the MC wall stays intact throughout the 
MC synthesis, with the starch layer clearly visible 
inside the capsule (red) with visible pores on the 
interface with all of the bacteria residing inside 
the MC (nuclei of the bacteria visible as blue 
within the MC). 
 
Figure 4: Maximum projected image of the 
individual stacks taken through a MC. The 
particles at the interface are visible (green and 
yellow) with the red starch layer indicative of the 
crosslinking that took place at the interface. The 
viable bacteria are also visible within the MC. 
Scale bar is 10 µm. 
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Triggered degradation of MC wall 
In experiments tracking degradation of the MC wall, galactose was added to the aqueous phase 
straight before encapsulation. Experiments were conducted in triplicate and MCs were formed 
with and without the introduction of galactose to compare the degradation of the starch layer 
using the relative intensity of fluorescence indicative of the Rhodamine-B (starch). The same 
fluorescent dyes as in the previous section were added before the emulsification step, and the 
same lasers used for excitation, with the addition of the 561 nm laser for the excitation of 
Rhodamine B. The encapsulation procedure, in the presence of starch within the aqueous 
phase, resulted in the simultaneous encapsulation of live bacteria and the crosslinking of 
individual particles at the interface, visible as a red layer at the particle interface (Figure 5A/5C). 
Previously, stable and permeable MCs were obtained using 5.4 wt% and 10 wt% starch, relative 
to the dispersed phase using 100BA-FPNPs. For that reason and for comparison purposes, two 
different MCs with encapsulated bacteria were fabricated; first, using 5.4 wt% starch and 
secondly, using 10 wt% starch to establish whether a difference in the degradation of starch at 
the MCs interface can be observed. 
After the MCs were produced, with and without galactose as trigger, the viability of the bacteria 
was not affected, and individual dyes were recognized (Figure 5A/5C). From the CFM images 
that were taken 1 hour after MC formation (Figure 5B/5D), it could be seen that the viability did 
not change as a function of starch concentration, as the starch concentration increases from 
Figure 5A (5.4 wt%) to Figure 5C (10 wt%). Comparing Figure 5A and Figure 5C, it was 
observed that the intensity of fluorescence at the interface, indicative of starch (red), appears 
higher for the higher concentration starch (Figure 5C). Figure 5B and Figure 5D are images 
showing MCs with the addition of galactose, as a trigger for the recombinant E. coli to start 
producing amylase. The produced amylase degrades the starch that crosslinks individual BE-
FPNPs, forming the MC wall. A decrease in starch fluorescence was observed (Figure 5A 
compared to Figure 5B, and similarly Figure 5C compared to Figure 5D). To confirm this 
observation, post-processing of the images was conducted. The relative mean fluorescence 
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The intensity of fluorescence vs the frequency for each sample were compared as an average 
of the six areas. The results are shown in Figure 6. Column A represents the MCs produced 
using 10 wt% starch, also indicating the highest RFI. Ccolumn B represents the MCs after the 
trigger is activated (after 1 hour) and is lower in RFI compared to the initial 10 wt% starch-MCs. 
The same trend was observed for the MC produced using 5.4 wt% starch, represented by 
Column C, and Column D the 5.4 wt % starch-MCs after the trigger is activated. 
 
 
C  D  
A  B  
 
Figure 5: Images of MCs with encapsulated bacteria. A) MC produced using 5.4 wt% starch. B) MC 
produced using 5.4 wt% starch and galactose as trigger to allow production of amylase. C) MCs 
produced using 10 wt% starch and D) MCs produced using 10wt% starch galactose as trigger for 
amylase production.  
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Figure 6: Relative fluorescent intensity of the fluorescent-labelled MC wall as a function of starch 
concentration and introduced galactose. The column A represents the MC produced using 10 wt% starch, 
also indicating the highest RFI. Column B represents the MC after the trigger is activated and a lower RFI 
is observed. The same trend was observed for the MC produced using 5.4 wt% starch represented by 
column C, and MCs after the trigger is activated are represented by column D.. 
 
The graph confirms a decrease in RFI of starch in both experiments, with the 5.4 wt% starch-
MC having the least amount of fluorescence related to the rhodamine labelled starch after 1 
hour. Although some fluorescence is left, this work shows that the approach could be promising 
for the triggered release of encapsulated bacteria. 
The above results suggest that the stabilization of BE-FPNPs, through the interfacial 
crosslinking of the individual particles at the Pickering emulsion droplet interface, led to a porous 
MC providing a benign environment to live bacteria. To develop the scope of such a system as 
potential drug carrier or micro-compartments for biochemical reactions, the triggered 
degradation of the MC wall was shown. In this case, the E. coli was constructed to express 
recombinant AmyA under the control of a galactose inducible promoter so that amylase 
production could be prompted upon exposure to the trigger. In a system without the addition of 
galactose, the intensity of fluorescent dye from the starch did not decrease. The opposite was 
true after the addition of galactose and concomitant amylase release. Amylase degraded the 
starch that crosslinks the individual particles at the interface. Intensity studies of the 
fluorescence signal of the rhodamine-labelled starch were conducted. It was shown that the 
introduction of galactose made the starch layer less visible and the intensity of the starch layer 
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confirmed the degradation of the starch. These results indicate that the MCs can potentially be 
used as a triggered release system.  
Conclusion 
Pickering emulsion droplets served as successful templates for the assembly and crosslinking 
of particles at the interface, producing novel hybrid MCs. This contribution also reported the 
successful encapsulation of E. coli and showed that these bacteria could be kept viable during 
and after the emulsification and MC formation. MC formation was accomplished by the 
interfacial crosslinking of boronate ester-decorated PNPs using starch. The environment inside 
the MCs is benign to the bacteria, and the MCs can be degraded using a trigger. 
As a proof-of-principle for triggered release applications, live bacteria which are able to release 
an enzyme that can degrade the starch MC crosslinker were encapsulated, and once a trigger is 
introduced the MC wall degraded.  
This work serves as a proof-of-principle for the targeted release of amylolytic enzymes by 
encapsulated bacterial cells that degrade the starch MC wall upon induction of a trigger. 
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Synthesis of Janus nanoparticles synthesized by templating inverse Pickering 
emulsion droplets in a one-pot fashion through utilizing the rotation of the 
particles at the interface 
 
Abstract 
In this chapter, we report the facile one-pot synthesis of functional polymeric Janus 
nanoparticles (JNPs) by partially reacting the stabilizing particles, at the interphase, of an 
inverse Pickering emulsion droplet. The approach utilizes the reaction between gold ions in the 
dispersed phase and functionalized poly(styrene-co-maleic anhydride-co-divinylbenzene) 
nanoparticles that stabilize the Pickering emulsion droplets. Finally, correlative imaging allowed 
visualization of the partially decorated particles. JNPs were successfully characterized by field 
emission electron microscopy (FEG-SEM) using inlens-, backscatter- and STEM detector. This 
forms a starting point for the synthesis of JNPs with varying fractions of surface coverage, in an 
easy, one-pot fashion, with different hemispheres, leading to promising nanomaterials with 
specific properties, which could be exploited through different chemical functionalities. 
 
Introduction 
One of the more intriguing and challenging aspects of current material science is the synthesis 
of anisotropic particles with novel morphologies, as theoretical work has shown that such 
particles could be useful in various potential applications.1–5 Previous work showed that particles 
in the nanometer scale display unique properties that are not always observed in the bulk 
material, and these properties can be tuned and adjusted in order to obtain a material with 
desired properties.6  In general, functional polymeric nanoparticles (FPNPs) which have reactive 
groups on their surface, can be further modified through complementary reactions.7,8 However, 
the control over the functional groups and degree of functionalization are challenging. To our 
knowledge, there have only been few reports on this topic.7,9–11 A specific approach to 
anisotropic particles is the preparation of particles with differently functionalized hemispheres, 
also known as Janus nanoparticles (JNPs).12 In 1988 and 1991, Casagrande and De Gennes, 
respectively, were the first to mention and describe JNPs.13,14 Beyond the use as elementary 
building blocks for supramolecular assembly, JNPs have numerous promising applications 
within material science and biomedical fields, including highly specific biosensors, etc.2,4,15,16 
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The most basic JNP is a sphere consisting of two distinct hemispheres, i.e. hemispheres that 
are physically or chemically different from each other.17,18  
Combining specific physical and chemical properties of nanoparticles in different hemispheres 
can afford opportunities to create revolutionary material combinations, such as modulated 
optical (bio) sensors, display technologies or electronic paper applications.19,41,42.43 In the last 
decade the term JNPs has emerged as a new division of structures, and the synthesis and 
applications of these structures have been and continue to be studied broadly.17,18,19 In 
literature, it is seen that the most profound challenges remain the ability to modify one 
hemisphere without altering the surface of the other, as well as producing nanometer-sized 
JNPs.3,6  
Pickering discovered that fine, solid particles could be used to stabilize an emulsion droplet 
(Figure 1B). Particles are partially wetted by an organic phase and partially wetted by an 
aqueous phase. The combination of the affinity of the particles for both these phases, the three 
phase contact angle, and the energy of detachment, allows effective stabilization of oil or water 
droplets of submicron diameter for periods exceeding several years.1,13,14  
 
In Pickering emulsions, solid particles diffuse to an interfacial region and remain there in a 
stable mechanical equilibrium.22 The rotation and dynamics of these particles at the interface of the 
two different phases have not yet received widespread attention.23,24 Closed interfaces, such as 
those of dispersed droplets, would be promising tools for the synthesis of JNPs, due to the fact 
that the working area is a substantially greater interfacial area than a planar interface. 6,25 The 
hypothesis in literature is that the particles rotate at an interface, and in order to make JNPs, 
research groups have always taken the approach of immobilizing the particles at the interface 
before doing the different chemistries on the two hemispheres.3,15,25–27 There are various 
Figure 1: Illustration of A) a classical inverse emulsion stabilized by surfactants and B) an inverse 
Pickering emulsion stabilized by colloidal particles. Structures are not drawn to scale.  
 Classical w/o emulsion     Inverse Pickering emulsion 
A B 
Stellenbosch University  https://scholar.sun.ac.za
 
 
122 | P a g e  
methods of producing JNPs. Some of these methods include partial masking, template-directed 
self-assembly of particles, phase separation, and controlled surface nucleation reactions.2,4,8,10–
12 These techniques are tedious and require multiple steps. Whereas previous work until now 
has always prevented the rotation of the particles, we have found a way to utilize the rotation of 
the particles, which entails the fast reaction of gold ions being reduced relative to the time scale 
of the rotational movement of the particles. This was utilized to control the fraction of the surface 
that is covered by the gold NPs, thus making JNPs with varying surface coverage. 
 
The current study details the combination of already reactive FPNPs, at an inverse Pickering 
emulsion droplet interface, and explains how a complementary chemical reaction proved to be a 
powerful method to produce JNPs. The basis for this work is formed by inverse Pickering 
emulsion droplets as template for JNP synthesis, having a complementary chemical compound 
with affinity towards the reactive FPNP surface placed only in the aqueous phase. The reaction 
between the FPNP surface exposed to the aqueous phase, and the complementary introduced 
group in the aqueous phase, can only take place from within that phase, producing JNPs. Our 
hypothesis is that by the selective reaction of a compound from one phase and the rotation of 
the particles at the interface, we can control the fraction of surface being covered. 
 
The hypothesis will be tested by firstly synthesizing FPNPs with reactivity towards a 
complementary compound in the aqueous phase of the Pickering emulsion droplet. The 
reactivity introduced to the surface of the particles will be a pendant tertiary amine and the 
complimentary compound in the aqueous phase will be gold ions, know to be able to interact 
with each other. Secondly, the two 
phases that make up the Pickering 
emulsion are used to produce JNPs 
along the interface.29 Finally, it is 
essential that the particles that stabilize 
the Pickering emulsion should be easy to 
synthesize and modify, and must have 
tunable hydrophobicity in order to be 
suitable stabilizers.29–31 The use of 
Pickering emulsion droplets as templates 
leads to each particle at the interface 
being exposed on one side to the 
Figure  2: Illustration of interaction at interface of 
Pickering emulsion interface 
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dispersed aqueous phase, and on the other side to the continuous (oil) phase (Figure 2A). 
Therefore, these particles are no longer exposed to identical phases, and thus, it is possible to 
introduce different functionalities through the separate phases (Figure 2B). 
 
MAnh-FPNPs are synthesized via a surfactant-free dispersion polymerization (Chapter 3). 
Additional reactivity can be introduced to the surface of the nanoparticles via a post-
polymerization functionalization step. Here we introduce 3-(N,N-dimethylamino)propyl-1-amine 
(DMAPA) to the MAnh moiety, followed by a ring closure reaction to obtain DMAP-maleimide 
moieties on the DMAPA-FPNPs (Figure 3A). These modified DMAPA-FPNPs are used for the 
formation of inverse Pickering emulsions. The surface of the DMAPA-FPNPs, at the interface, 
can be decorated due to the stabilization of the droplet of the inverse Pickering emulsion and 
complementary reactions, between the Au3+ ions in solution and the exposed modified particle 
surface at the interface, allowing strong specific interactions between the tertiary amine moiety 
and Au ions (Figure 3B). 
The reaction between gold(III) (Au3+) ions and tertiary amines in acid solution is well 
documented in literature.32–34 The amine can also act as a reducing agent. Transfer of electrons 
from the amine to the Au-ion causes the reduction of HAuCl4, resulting in the formation of 
metallic Au. The resulting metallic-Au can then undergo nucleation and form Au NPs.34 Tertiary 
amines are thus extremely good ligands or scavengers for [AuCl4]- ions from acidic solutions. 
The surface exposed to the aqueous phase allows for the DMAPA to extract Au3+ ions from 
solution, and reduce Au-ions to Au-NPs, covering the DMAPA-FPNPs surface exposed to the 
aqueous phase with Au, producing JNPs. Thus, producing JNPs with adsorbed gold NPs onto 
the exposed PNP surface (Figure 3C).  
 
Figure 3: Schematic overview of the synthesis route to produce functional JNPs. Blue indicates the 
MAnh- FPNPs. A) Indicating DMAPA-FPNPs, utilized to B) produce an inverse Pickering emulsion. The 
yellow is the 2M gold(iii) ions added to the dispersed phase and finally, JNPs produced, poly(St-co- 
DMAP Maleimide-co DVB)-Au JNPs. 
 
A  B C 
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Previous research produced JNPs using “liquid-liquid” interfaces, whereby on phase was 
solidified, followed by reacting the exposed area. However, taking the solidification in context, 
this method is no longer a liquid-liquid interfacial reaction.2,3 To the authors’ knowledge, there 
are only two articles that have used droplets, without the use of solidification steps, in order to 
successfully produce JNPs while still trying to restrict rotation.21,35  
Experimental Methods  
Materials. Maleic anhydride (MAnh, Sigma Aldrich, 99%) was used after recrystallization from chloroform. 
Styrene (St, Fluka, 99.5%) was purified and stored over 4 Å molecular sieves, divinylbenzene (DVB, 
Sigma Aldrich, >99%) was used after inhibitor, t-butylcatechol, was removed and stored over 4 Å 
molecular sieves. Methyl ethyl ketone (MEK, Sigma Aldrich, >99.7%). n-Heptane (Kimix, anhydrous), 
cyclohexane (CH, Sigma Aldrich, anhydrous 99.5%), double deionized water (ddH2O, our lab) and 
hydrogen chloride (HCl, Sigma Aldrich, 32%) were used as received. 2,2’-Azo-bis(isobutyronitrile) (AIBN, 
Riedel de Haen) was recrystallized twice using methanol and dried under vacuum before use. 3-(N,N-
Dimethylamino)-1-propylamine (DMAPA, Sigma Aldrich, 99%) and gold(iii)chloride (AuCl3, Sigma Aldrich, 
>99.99%) were used as received.  
 
Synthesis  
MAnh-FPNPs. Particles were synthesized by a method similar to Chapter with some small modifications. 
Maleic anhydride (2.04 g, 20.80 mmol) was dissolved in MEK (20 mL) in a 250 mL three neck round 
bottom flask and AIBN (6.8 mg, 4.26x10-2 mmol) was added to the reaction mixture. The MEK mixture 
was degassed for 30 minutes and in a separate flask, n-heptane (30 mL) was added with styrene (0.74 
mL, 6.49 mmol) and DVB (0.98 mL, 6.90 mmol, 30 %) and degassed for 30 min. After the MEK-MAnh 
solution was degassed, the solution was placed in a 70 ºC preheated oil bath for 30 min. Under inert 
conditions the n-heptane-St-DVB solution was fed into the MEK mixture over 2 hours. The final dispersion 
medium was a MEK-n-heptane mixture (40:60) and the reaction was stopped after 4 hours. 
 
Further modification of the PNPs. DMAPA modification of MAnh-FPNPs was done similarly to Chapter 
4. 
 
Janus particle formation. An inverse Pickering emulsion was formulated using 20 mg DMAPA -FPNPs 
dispersed in cyclohexane (8 mL). The mixture was sonicated for 2 minutes to ensure all particles were 
well dispersed within the continuous phase. 1 mL water (containing an Au concentration of 2M in HCl) 
was added to the particle-containing continuous phase (2 wt % particles) and vigorously hand-shaken for 
30 seconds to ensure all particles migrated to the interface of the water droplets.  
 
Characterization and analyses 
Electron microscopy. The size and morphology of the particles were characterized by scanning electron 
microscopy (SEM) using a Zeiss MERLIN field emission gun scanning electron microscope, using an 
inlens, high resolution detector, a STEM detector that is for transmission electron microscopy and a 
backscatter detector that can detect chemical phase differences. Diameter measurements were done on 
ImageJ version 2.0.0. For MAnh-FPNPs particles, prior to high resolution imaging using the inlens 
detector, a thin layer of carbon was evaporated onto a stub containing particles, to render conductivity, 
avoiding surface charging caused by the electron beam. Prior to transmission imaging, dispersions were 
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diluted and dropped onto a carbon-coated 200 mesh copper grid and dried at ambient temperature. 
Backscatter images were acquired on the carbon coated grids without any coating to prevent any 
influence from the carbon coating.  
 
Light microscopy was conducted on a Zeiss Axio Scope.A1 Polarized Light Microscope. The 
microscope is fitted with various objectives, N-Achroplan pol 20x0.45, EC plan-Neofluar Pol 40x/0.9, EC 
Epoplan pol 50x/0.7, EC Epoplan-neopluar Pol 50x/0.8 and Epoplan-neofluar Pol 50x/1.0 
 
ATR-FTIR spectra were recorded using a Nicolet FTIR spectrometer (Nexus) from Thermo-Fischer 
equipped containing a Smart Golden Gate ATR accessory with a diamond/ ZnSe internal reflection 
crystal. The spectra were recorded from 3750 cm-1 to 700 cm-1 with a spectral resolution of 8 cm-1 and a 
sum of 64 individual scans. Samples were run in solid state and no sample preparation was necessary. 
Omnic software was used for data acquisition and Origin software was used for data processing.  
 
Results and Discussion 
There are two main limitations of the proposed method: firstly, it is important to synthesize 
monodispersed particles as the diameter of the particles is necessary to calculate the different 
particle concentrations in the inverse Pickering emulsion; and secondly, the particle layer at the 
interface needs to be as close as possible to a monolayer. Optimization of the inverse Pickering 
emulsions is, thus, of utmost importance.   
Synthesis and modification of MAnh-FPNPs 
Primarily, poly(St-co-DVB-co-MAnh) nanoparticles were synthesized according to Chapter 3. 
Additional functionality on the surface of the particles was introduced via the reaction with 
excess DMAPA, whereby the primary amine reacts with the reactive anhydride group via a 
nucleophilic substitution reaction (Figure 4A).32,33,36 After ring closure poly(St-co-DMAP 
maleimide-co-DVB) PNPs (DMAPA-FPNPs) having pendant tertiary amines available on the 
surface of the nanoparticles were obtained (Scheme 1B).  The final nitrogen content was 
Scheme 1: Illustration of the reaction of DMAPA onto the FPNPs followed by a ring closure reaction  
 A  B 
Stellenbosch University  https://scholar.sun.ac.za
 
 
126 | P a g e  
determined to be 6.31% (calc. 7.29%) by EDX measurements, which relates well to calculated 
amounts should almost all MAnh be modified with DMAPA. The size of these particles was 
characterized by scanning electron microscopy (SEM), obtaining highly monodispersed MAnh-
FPNPs with diameters of approximately 600 nm and a narrow particle size distribution. 
 
ATR-FTIR analysis was conducted 
to confirm the introduction of 
DMAPA to the surface of the 
particles. Successful imidization of 
the MAnh residues was present on 
the particles. This is easily verified 
due to the disappearance of the C-O 
band at 1772 cm-1 and the 
appearance of a strong band at 
1691 cm-1, characteristic of a cyclic 
imide bond. Further confirmation of 
the ring closure is the absence of a 
N-H bending band, indicative of  the 
presence of a secondary amine, at 
1550 cm-1.37–39 The presence of a tertiary amine peak at 1151 cm-1 is confirmation of successful 
functionalization of the PNP surface with DMAPA onto the particle surface (Figure 4) 
These particles are of interest for several reasons, firstly, they are relatively easily synthesized 
and their average size is easily controlled (Chapter 3). Secondly, their surface composition can 
be tailor-made by introducing multiple functionalities to the already-reactive surface groups. An 
example of this was shown above, whereby tertiary amine functionalities were introduced onto 








Figure 4: ATR-FTIR spectra of A) MAnh-FPNPs and B) 
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Interfacial self-assembly of MAnh-FPNPs at water/oil droplet interface 
Pickering emulsion droplets are necessary as a template for JNP formation. A calculation is 
made, based on Equation 40, to determine the volume of dispersed phase necessary, and to 






Equation 1: Equation to calculate the different parameters of a Pickering emulsion 
 
where, 𝑁A is the number of particles, based on the mass of particles used, attached to the 
interface of the droplet, having the particles hexagonally closed packed, 𝑅 is the radius of the 
particles, 𝐴p = 2√3𝑅2  is the area occupied by a particle,  𝑉D is the total volume of the dispersed 
phase and 𝑟D is the radius of the Pickering droplet set as a constant.  
It is known that a liquid-liquid interface particles will adsorb if their surface energy lies between 
those of the two layers, thus lowering the total free energy.40 The possible amphiphilic nature of 
our MAnh-FPNPs, stemming from the ability of maleic anhydride to ring open and become 
hydrophilic, and the hydrophobic nature of the styrene, means that MAnh-FPNPs can adsorb 
both on oil-in-water and on water-in-oil droplets. Various parameters were optimized to obtain 
the ideal conditions for stable Pickering emulsion droplets with a monolayer of particles at the 
interface (Table 1). These parameters include particle size, particle concentration and different 
continuous phases. In Table 1, only the results for cyclohexane as the continuous phase are 
shown, although ethyl acetate and toluene were tested, as that gave the most promising 
Pickering emulsions for these specific FPNPs. 
 
After each Pickering emulsion preparation, the droplets were viewed using light microscopy and 
confocal microscopy to visualize the droplet uniformity as well as the particles on the interface. It 
was observed that both 200 nm and 600 nm sized particles, at a particle concentration of 2 wt% 
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Table 1: Parameters tested to optimize stable inverse Pickering emulsions.  









0.5 wt% 4 mL 8 mL Y W 
1 wt% 2 mL 8 mL Y W 
2 wt% 1 mL 8 mL Y W 
3 wt% 0.67 mL 8 mL Y W 
500-600 
0.5 wt% 4 mL 8 mL Y W 
1 wt% 2 mL 8 mL Y W 
2 wt% 1 mL 8 mL Y W 
3 wt% 0.67 mL 8 mL Y W 
800 
0.5 wt% 4 mL 8 mL Y M 
1 wt% 2 mL 8 mL Y M 
2 wt% 1 mL 8 mL Y M 
3 wt% 0.67 mL 8 mL Y M 
1300 
0.5 wt% 4 mL 8 mL N - 
1 wt% 2 mL 8 mL N - 
2 wt% 1 mL 8 mL Y M 
3 wt% 0.67 mL 8 mL Y M 
Additional information 1: A The stability is divided into Y= yes and N= no. B The duration is divided into M= minutes, 
D= days and W= weeks. 
An examination of the Pickering emulsions showed, 1) the Pickering emulsions did not phase 
separate, even several weeks after emulsification, 2) all particles adsorbed at the interface and 
not in the aqueous phase, showed as particles (blue fluorescence) at the interface of the 
droplets (Figure 5A-B), and 3) a monolayer of closely packed particles is observed at the 
interface (Figure 5C). This behavior allows for nearly all particles to be accessible for further 
modification, such as the reactions described below.  
 
Well-defined Pickering emulsion droplets were synthesized, although some particle aggregation 
is seen in the fluorescence images. It is possible that more well-defined particle layers could be 
produced if a high shear homogenizer was used. This would ensure that sufficient energy is 
supplied, and therefore controlling that all particles sit at the interface as a monolayer. However, 
the metal on the homogenizer would reduce the gold ions in the dispersed phase. For that 
reason, the Pickering emulsions were produced through manual shaking obtaining Pickering 
emulsions sufficiently well-defined for the desired applications. All following work was also 
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Stepwise modification of various surface percentages utilizing particle rotation 
Finally, from the preliminary parameters tested for the formation of inverse Pickering emulsions, 
JNPs syntheses were based on using 2 wt% particles (relative to dispersed phase). Inverse 
Pickering emulsions were produced using 20 mg DMAPA-FPNPs dispersed in 8 mL 
cyclohexane as continuous phase, and various volumes of a 2 M Au3+ HCl in aqueous phase 
(Table 2).  
 








Following the addition of the Au3+-containing aqueous phase, emulsification was achieved by 
vigorous, manual shaking of the mixture for 20 seconds. After Pickering emulsion formation, 










Au mmol Au mass (mg) added 
(total of 1 mL 2M HCl) 
A 20 0.0448 
 
1: 1 0.0448 17.636 
B 20 0.0448 1:0.75 0.0336 13.227 
C 20 0.0448 
 
1:0.5 0.0224 8.818 





E 20 0.0448 
 
1: 01 0.0045 1.764 
Figure 5: A-B) Confocal microscopy images of an inverse Pickering emulsions. The Pickering emulsions 
were produced by the addition of 1 mL distilled water to 20 mg DMAPA-FPNPs (dp = 600 nm) dispersed in 
8 mL of cyclohexane. Emulsification was obtained by handshaking. Scale bar is 20 µm. C) Light microscopy 
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individual particles. These particle solutions were dried onto prepared SEM stubs and viewed 
under the FEG-SEM microscope whereby the resolution allowed for individual particles to be 
visualized utilizing the STEM detector. The inlens detector and backscatter detector (BSD) were 
used to correlate morphologies and chemical phase differences. The STEM detector allows the 
visualization of synthesized JNPs, due to the difference in contrast between the organic 
polymeric phase and the attached gold NPs. Since the particles are made up of organic matter 
and the gold has a substantially heavier atomic mass, a contrast can be observed,29 whereby, 
the higher electron density of gold, i.e. the gold phase, appears darker in STEM, and the 
DMAPA-FPNPs appear lighter. The inlens detector allows for the visualization of high-resolution 
morphology and particle surfaces, while the BSD detects chemical phase differences because 
of atomic mass differences. 
Figure 6 depicts JNPs that were synthesized using various concentrations of gold ions in the 
C) 1:0.5 
Figure 6: STEM images of JNPs synthesized using various amounts of Au-ions in the dispersed phase. 
A) 1:0.1 DMAPA/Au3+,B) 1:0.25 DMAPA/Au3+, C) 1.0.5 DMAPA/Au3+ and D) 1:075 DMAPA/Au3+ The 
scale bars in the images are 200 nm. 
A) 1:0.1 
C) 1:0.5 D) 1:0.75 
B) 1:0.25 
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dispersed phase. An increase in the concentration of Au3+-ions in the aqueous phase, leads to 
an increase in Au-modified surface area. This is illustrated by JNPs prepared from a molar ratio 
of 1:0.25 DMAPA/Au3+ resulting in JNPs with approximately 25% surface coverage of gold 
(Figure 6B) compared to JNPs prepared by 1:0.75 DMPAPA/ Au3+ that resulted in approximately 
75% surface covered (Figure 6D). This was further confirmed using SEM to visualize 1:0.5 
DMAPA/Au3+ resulting in JNPs with approximately 50% surface coverage (Figure 7).  
 
This can possibly be explained by the 
rotational movement of the particles at the 
interface. DMAPA moieties that are 
accessible on the surface of the DMAPA-
FPNPs come into contact with the Au3+-
ions in the aqueous solution, and react 
with the Au3+-ions. To the authors 
knowledge the rotation of the particles at 
a droplet interface has never been 
experimentally shown.3,27 With this work, 
showing that JNPs with varying fractions 
of surface coverage can be produced, it 
not only shows that these particles rotate 
at the interface, but that we can use this property to synthesize tunable Janus particles.  
If the rate at which the particles rotated was extremely fast, the particle surface would be 
homogenously covered by gold NPs, and that is not what we observed. We hypothesize that the 
particles rotate or rather tumble slower than the speed at which the gold ions are reduced. The 
fact that at a 1:1 mole ratio we synthesized FPNPs that are completely covered by gold NPs, 
indicates that the particles do rotate completely; even when they are partially covered with gold 
they continue to tumble until all the gold is reacted from within the aqueous phase. Based on 
this, our results are in line with our hypothesis, that through the utilization of the selective 
reaction from only one phase and the rotation of particles, we could control the fraction of 
covered surface area. 
If only a small amount of Au3+-ions are added to the dispersed phase, all the available Au3+-ions 
in the solution react with the accessible DMAPA. Then, as the particles rotate, there are no 
Au3+-ions left in solution to decorate the rest of the particle surface. When there is a higher 
concentration of Au3+-ions, there are not enough available DMAPA molecules to react with all of 
Figure 7: Correlated image visualizing JNPs made using 
a DMAPA/Au3+-ion ratio of 1:0.5 using simultaneously 
the inlens detector (left) coupled with a BSD (right). 
Scale in the image is 200 nm. 
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the Au3+-ions, leaving unreacted Au3+-ions in the dispersed phase. Subsequently, as the 
particles rotate and expose more DMAPA to the Au3+-ions, they are able to react, and the 
surface area decorated with gold increases. When a 1:1 molar ratio of the Au3+-ions in solution 
to DMAPA on the particles, the entire particle gets covered by gold (image is not show). This 
suggests that the percentage of particle surface area decorated is directly proportional to the 
concentration of Au3+-ions added to the disperse phase. This process results in controlled 




To our knowledge, this is the first time that the rotation of the particles at the interface of a 
Pickering emulsion was used to synthesize JNPs with a controlled fraction of the surface of the 
NP being covered.  
We showed a facile synthesis method of the synthesis of functional JNPs. The JNPs were 
successfully synthesized by templating inverse Pickering emulsion droplets. The utilization of 
these DMAPA-FPNPs and complementary Au3+-ions resulted in the facile synthesis of functional 
poly(St-co-DMAPA maleimide-co-DVB)-Au JNPs. The JNPs were successfully visualized using 
various detectors on a FEG-SEM system, and correlative imaging was done for the first time on 
JNPs, confirming the morphology of the JNPs. 
The ratio of Au3+-ions to DMAPA directly influenced the percentage of the nanoparticle surface 
that was decorated. When a 1:1 molar ratio exists of the gold ions in solution to DMAPA on the 
particles, the entire particle was covered by gold. Conversely, when a 0.75:1 molar ratio was 
used, approximately ¾ of the particle surface was covered by Au, leaving roughly ¼ of the 
surface unaffected. The inverse affect was observed when using 0.25:1 ratios. When using a 
0.5:1 ratio it was observed that 50% of the particle surface was decorated. It was noted that the 
gold coating occurred in localized areas, leaving distinct patches of unreacted and reacted 
areas on the particle surface. 
Thus, it was confirmed that simple and inexpensive Pickering emulsions could be used as an 
elegant approach for the formation of JNPs using crosslinked DMAPA-FPNPs. Various 
chemistries can be introduced via the two different phases leading to promising nanomaterials 
with specific properties. We, therefore, can develop new organic-inorganic nanomaterials with 
spatial and chemical anisotropy. Indeed, each hemisphere of the JNPs can potentially be 
specifically functionalized, leading to systems that could be highly useful in biological or optical 
applications. 
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Preparation of tetraphenylborate-functionalized and boronic acid-functionalized 
polymeric nanoparticles for the extraction of norepinephrine and octopamine  
 
Abstract 
Surface modified- and polymer-grafted functional polymeric nanoparticles were synthesized and 
utilized for the extraction of norepinephrine and octopamine from dilute solutions. The surface 
modification was achieved by a nucleophilic substitution reaction. The grafting of a functional 
monomer onto functional polymeric nanoparticles (MAnh-FPNPs) was done with reversible 
addition-fragmentation chain transfer (RAFT) polymerization and conventional free radical 
polymerization. The core MAnh-FPNPs were synthesized by a surfactant-free dispersion 
polymerization. The successful addition of functional groups to the surface of the MAnh-FPNPs 
was confirmed by ATR-FTIR and the particles characterized using SEM. Boron-derivative-
FPNPs showed good preliminary results with regards to the extraction of biomolecules.  
Introduction 
The extraction of biomolecules is a critical method used in molecular biology.1 Catecholic 
compounds such as norepinephrine and its homologue, octopamine, are important small 
molecules in biological systems, and the detection thereof is of high importance.2,3 These 
molecules are biomarkers used to detect diseases such as Parkinson’s, Alzheimer’s, and 
pheochromocytoma, to only name a few.5,62-64 Due to the small amounts of catecholic 
compounds present in biological samples and their relative instability, their extraction presents a 
major challenge.2 In recent years, extraction of catecholic compounds has been the subject of 
many studies employing several different approaches. These include chromatography, solid 
phase extraction (SPE) and molecular imprinted matrixes or complexation in aqueous solution, 
with compounds such as sodium tetraphenylborate (Na-TPB) (Figure 1A) or boronic acids 
(Figure 1B), followed by solvent extraction procedures, to name only a few.4–10 However, the 
detection and extraction of these compounds are generally associated with major difficulty that 
results in high costs, lengthy procedures and inefficient isolation.11–14 There is no doubt that SPE 
has become the method of choice for extraction.15 Recently, more efficient approaches are the 
subject of ongoing research.  
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Various particles of different size (e.g nano- and micrometer) and nature have been investigated 
as functional materials. These materials include organic materials such as polymeric particles, 
or inorganic materials such as metal oxides.16–19 Among all functional polymer-based particles of 
nanometer size, FPNPs have received significant attention because of ease of synthesis, their 
tunable nature, and the wide range of functionalities that can be introduced.20–23 FPNPs can be 
prepared via various methods, including micelle formation using functionalized block 
copolymers followed by solvent extraction,24,25 introduction of a functionality via a non-covalent 
bond to the surface of the particles,26,27 and the covalent attachment28,29 and the grafting of 
functional monomers to the surface of the partices30 (Chapter 2). 
The grafting of a functional polymer on the particle surface for the preparation of “hairy-like” 
FPNPs represents an existing approach as each graft offers a multi-functional arm. This is 
particularly important in extraction applications, as it would increase the extraction efficiency of 
the particles.31,32 The polymeric grafts can be introduced through a direct polymerization using 
vinyl functionalized-PNPs. In this case, the functional particle acts as a monomeric unit which 
adds to a growing polymeric radical. A drawback of this method is possible crosslinking. 
Alternatively, the polymeric arms can be slowly grown from the FPNPs through living radical 
polymerization. The advantage of using living polymerization is that the growing chains are of a 
specific length, and slower polymer growth occurs, hence minimizing crosslinking. Extensive 
research has been done on living radical polymerizations – where RAFT mediated 
polymerization has been used extensively to synthesize polymers of a wide-range of 
A 
 
Figure 1: A) Chemical structure of sodium tetraphenylborate (NaBPh4) and B) Generic form of a 
boronic acid (BA) molecule  
B
 
Stellenbosch University  https://scholar.sun.ac.za
 
 
139 | P a g e  
functionalities.33,34 RAFT has also been used to create complex macromolecular architectures, 
having defined end groups to additionally control and design advanced “hairy-like” FPNPs.35–39  
In the present study, novel MAnh-FPNPs based on poly(styrene-co-maleic anhydride-co-
divinylbenzene) are synthesized via a surfactant-free dispersion polymerization (Chapter 3). The 
particles having available reactive groups (MAnh, vinyl bonds or RAFT end group) on the 
surface are subject to further modification for biomolecule extraction. The general synthesis of 
the two approaches are shown in Figure 2.  
 
Firstly, the direct modification of the MAnh groups on the surface particles is utilized to introduce 
a boronic acid functionality (the boronic acid is represent as a blue dot, Figure 2A). Lewis acids 
such as boronic acid and its derivatives have been used in the extraction or isolation of 
catecholic molecules.7 The unique feature of boronic acid-based materials is their ability to 
undergo a reversible reaction (e.g. complexing) with alcohols and diols to form boronate ester 
bonds.40–42 The reaction affinity of boronic acid (e.g. ionization) with diol and alcohols follows the 
order 1,2-diol > 1,3-diol > alcohol, making the boron-1,2-diol interaction preferred and most      
stable.41,43–45 
Secondly the polymerizable groups (e.g. vinyl) or groups capable of controlling radical 
polymerization (e.g. dithioester) are utilized to fabricate hairy-like particles through 





Figure 2: Two generic approaches for surface modification are shown. A) The surface modification 
of a single functional moiety per complementary group on PNP. B) Graft-polymerization from a 
FPNP surface, introducing multiple functional moieties per initiation site.  
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polymerizable bonds. TPB has been extensively studied and used for the extraction of choline 
esters and catechols. 6,12,13,46,47 
FPNPs can thus be designed to be used for extraction purposes from directly modifying particle 
surfaces, or the incorporation of functional polymers onto the surface of particles. We envisage 
that solid particles with selective functional groups can be used for biomolecule extraction, 
specifically norepinephrine and octopamine. The biggest benefit of using nanoparticles is the 
increased surface area available for extraction. Two different functional groups such as a 
tertraphenylborate derivate and boronic acid derivative are fixed onto the surface of 
nanoparticles as a form of SPE method.  
Materials and Methods 
Materials. Potassium hydroxide pellets (>85%, Merck Chemicals; Darmstadt, Germany), sodium 
hydroxide pellets (>85%, Merck Chemicals), benzophenone (95%, Sigma Aldrich; St. Louis, USA), 
potassium phosphate (K3PO4) (99%, Sigma Aldrich), anhydrous carbon disulphide (CS2) (≥99%, Sigma 
Aldrich), 1-bromoethyl benzene (97%, Sigma-Aldrich), 3-aminophenylboronic acid monohydrate (BA, 
>99.9%, Sigma Aldrich), sodium hydride (NaH) (60% dispersed in mineral oil, Sigma Aldrich), 2-(2-
(vinyloxy) ethoxy)-ethanol (98%, Sigma Aldrich), 1-bromo-4-(bromomethyl)benzene (98%, Sigma Aldrich), 
n-butyllithium (2.5 M solution in hexane, Sigma Aldrich), triphenylborane (0.25 M solution in THF, Sigma 
Aldrich), maleic anhydride (MAnh) (99% ,Sigma Aldrich) was used after recrystallization from chloroform. 
Styrene (99.5%, Fluka chemika) was washed with KOH, distilled and stored over 4 Å molecular sieves in 
a fridge at 4 °C, divinylbenzene (DVB) (>99%, Sigma Aldrich) was used after the t-butylcatechol inhibitor 
was removed using a t-butylcatechol inhibitor removal column and stored over 4 Å molecular sieves at 4 
°C. Anhydrous methyl ethyl ketone (MEK) (≥99.7%, Sigma-Aldrich) and n-heptane (Kimix; Cape Town, 
SA) was used as received. Tetrahydrofuran (Kimix), N,N-dimethylformamide (DMF) (Kimix), ethyl acetate 
(Kimix), pentane (Kimix) and methanol (Kimix) were distilled and kept over 4 Å molecular sieves at room 
temperature. 2, 2’-azo-bis (isobutyronitrile) (AIBN) (Riedel de Haen; Morris Plains, USA) was 
recrystallized twice using methanol and dried under vacuum before use. BPT was synthesized, according 
to Skey et al.52, and stored in a fridge at 4 °C.  
 
Synthesis  
BPT RAFT agent52 was synthesized by adding potassium phosphate, K3PO4 (1.36 g, 6.4 mmol) to THF 
(20 mL). To the stirred mixture, 1-butanethiol (530 mg, 5.8 mmol) was added and stirred for 10 minutes. 
Subsequently, carbon disulphide (1.34 g, 17.5 mmol) was added to the mixture and stirred over 1 hour, 
after which 1-bromoethyl benzene (1.07 g, 5.8 mmol) was added. After 6 hours of stirring at room 
temperature, the THF was removed under reduced pressure, and the crude product was purified using 
flash column chromatography (100% petroleum ether). Yield: 89%. 1H NMR (600 MHz, CDCl3): δ (ppm) 
=0.85 (t, 3H, CH3CH2CH2CH2), 1.35 (m, 2H, CH3CH2CH2CH2-), 1.59 (m, 2H, CH2-S), 1.69 (d, 3H, 
CH3(CH-)), 3.27 (t, 2H, -S-CH2), 5.26 (q, 1H, CH), 7.25 (m, 5H, Ar-H).  
 
FPNPs. Particles were synthesized by a method similar to Chapter 3 with some small modifications. 
Maleic anhydride (2.04 g, 20.80 mmol) was dissolved in MEK (20 mL) in a 250 mL three neck round 
bottom flask and AIBN (6.8 mg, 4.14x10-2 mmol) and BPT RAFT agent (10 mg, 0.18 mmol) was added to 
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the reaction mixture. The MEK mixture was degassed for 30 minutes and in a separate flask, n-heptane 
(30 mL) was added with styrene (0.74 mL, 6.485 mmol) and DVB (0.98 mL, 6.901 mmol) and degassed 
for 30 min. After the MEK-MAnh solution was degassed, the solution was placed in a 70 ºC preheated oil 
bath for 30 min with 2.5 % of the St/DVB mixture in the MEK mixture (this reaction was done by first 
seeding a % and then feeding the rest in, refer to Chapter 3). Under inert conditions the n-heptane-St-
DVB solution was fed into the MEK mixture over 2 hours. The final dispersion medium was a MEK-n-
heptane mixture (20:30), and the reaction was stopped after a total of 4 hours obtaining BPT-MAnh-
FPNPs 
The synthesis of the extraction ligand precursor, 1-bromo-4-((2-(2-(vinyloxy) ethoxy) ethoxy) 
methyl) benzene (BM100)50 NaH (1.44 g, 60% in mineral oil) were dispersed in THF (20 mL, anhydrous) 
was added to 2-(2-(vinyloxy) ethoxy)-ethanol (4.05 g, 0.031mol) at 0 C via a dropping  funnel. The 
mixture was stirred for 3 h before added to a solution of 1-bromo-4-(bromomethyl)benzene (7.42 g, 0.030 
mol) in THF (20 mL, anhydrous). To complete the reaction the mixture was reacted overnight. The solvent 
was evaporated, and the residue was purified by column chromatography on SiO2 with hexane/ethyl 
acetate (4:1) to obtain BM100 as a light yellow liquid (8 g, 89%). NMR analysis was conducted on the 
compound and successful synthesis was concluded. 1H NMR (in d-acetone), δ(ppm) 7.52 (d, 2H, o-
C6H4),7.36 (d, 2H, m-C6H4), 6.51(m, 1H, CH=), 4.549 (s, 2H, CH2C6H4),4.19(d, cis H of = CH2), 3.96 (d, 
trans H of = CH2), 3.8−3.6 (m, 8H,OCH2CH2O); 13CNMR (in d6-acetone), δ(ppm) 152.4 (CH=), 138, 
131,129.7, 120.1 (c-Br), 86 (=CH2), 72.1, 70.8, 70, 69.8, 67.9. Representative 1H, and 13C NMR spectra 
are shown in SI, Figure 7-8. 
Lithium triphenyl (4-((2-(2-vinyloxy) ethoxy) ethoxy) methyl)-phenyl) borate (TBVE)50 BM100 (500 
mg, 1.61 mmol) in THF (5 mL, anhydrous) was cooled to -78 C using ice/acetone. A 0.70 mL (1.76 
mmol) portion of BuLi (2.5 M in hexane) was added dropwise over 30 min. The mixture was stirred at        
-78 C for another hour before the solution of triphenylborane (6.64 mL, 1.61 mmol) in THF (3 mL, 
anhydrous) was added. The reaction mixture was allowed to warm up to room temperature while stirring 
overnight to complete the reaction. The solvent was evaporated and pentane (20 mL x 3, anhydrous) was 
used for washing the yellow residue. The pentane solution was removed by syringe, and the yellow 
residue was further dried in a vacuum oven at 50 C for 24 h to yield TBVE as an ivory-white powder (953 
mg, 94.4%). The synthetic schemes of the synthesis of the tetraphenylborate salt derivative are shown in 
SI, scheme 1-2. Successfully synthesis and characterization was done using NMR analysis. 1H NMR (in 
d6-acetone), δ(ppm) 7.35 (m, 8H, o-C4H4 and o-C6H5), 7.05 (d, 2H, m-C4H4), 6.93 (m, 6H, m-C6H5), 6.82 
(t, 3H, p-C6H5), 6.51(m, 1H, CH=), 4.43 (s, 2H, CH2C6H4), 4.22(d, cis H of = CH2), 3.96 (d, trans H of = 
CH2), 3.8−3.6 (m,8H, OCH2CH2O); 13C NMR (in d6-acetone), δ(ppm) 165 (m, C−B), 152.4 (CH=), 136, 
132, 126, 120.1, 86.4 (CH2=), 74.3, 70.8, 70, 69.7, 67.8. Representative 1H, and 13C NMR spectra are 
shown in SI Figure 9-10. 
Graft polymerization from surface of the BPT-MAnh-FPNPs. Pre-synthesized RAFT-particles (100 
mg, 0.06 mmol RAFT) are dispersed into 1,4-dioxane (20 mL) with maleic anhydride (98.2 mg, 1.00 
mmol), and TBVE (470.7 mg, 1.00 mmol). RAFT agent (29 mg, 0.11 mmol) and AIBN (2.2 mg, 0.01 
mmol) was added to the polymerizations to ensure control over the grafted chains. The reaction mixture is 
then deoxygenated by argon bubbling for 30 minutes. The reaction flask is placed in a preheated oil bath 
at 70 C. The reaction takes place for 48 hours. After polymerization, the particles are separated from free 
polymer via centrifugation, supernatant is removed and fresh solvent added. These washing steps are 
repeated three times to ensure all unreacted and ungrafted chains are removed. The free polymer chains 
were analyzed via SEC to get an indication of the molecular weight of the grafted chains on the surface of 
the particles. Free radical graft polymerization was done without the use of RAFT agent.  
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Direct surface modification of the MAnh-FPNPs to obtain BA-FPNPs. MAnh-FPNPs (100 mg, 0.30 
mmol MAnh) were redispersed in DMF (10 mL). In a typical experiment, to modify all acessible MAnh, a 
solution, with excess BA (69.50 mg, 0.45 mmol) in DMF (5 mL), was added dropwise to MAnh-FPNPs 
dispersed in DMF. The reaction was left to proceed at room temperature for 30 minutes. The reaction 
mixture was then gradually heated and refluxed for 4 hours to ensure ring closure towards the maleimide 
rings. Thereafter, the mixture was allowed to cool to RT and the BA-FPNPs were washed with DMF twice, 
to ensure all unreacted reagents were removed and centrifuged to isolate BA-FPNPs. The particles were 
then dried under vacuum.  
 
Extraction of Norepinephrine. 0.25 mM Norepinephrine (51.4 µg/mL) prepared in deionized water (pH 
5.5). All the washing, immobilization and final collection steps were performed in centrifugal filters 
containing a 0.45 µm filter membrane. Prior to loading 1 mL of the 0.25 mM norepinephrine solution, the 
particles were weighed and rinsed three times using 1 mL deionized water. The water was removed using 
centrifugation. Following addition of 1 mL 0.25 mM norepinephrine solution, the particles were shaken at 
1500 RPM using a IKA VibraMax benchtop shaker for 30 min. After 30 min the liquid phase was collected 
by centrifugation and analyzed directly using HPLC-UV at 210 nm. 
 
Characterization and analysis 
Electron microscopy was used to visualize the size and morphology of the particles using a Zeiss 
MERLIN field emission gun scanning electron microscope using an inlens, high resolution detector and a 
STEM detector that is used for transmission electron microscopy images. Diameter measurements were 
done on ImageJ version 2.0.0. Prior to high resolution imaging, particles are placed on an aluminum stub 
and coated with a thin layer of carbon to render conductivity, avoiding surface charging caused by the 
electron beam. Prior to transmission imaging, dispersions were diluted and dropped onto a carbon-coated 
200 mesh copper grid and dried at ambient temperature.  
ATR-FTIR spectra were recorded using a Nicolet FTIR spectrometer (Nexus) from Thermo-Fischer 
equipped with a Smart Golden Gate ATR accessory with a diamond/ZnSe internal reflection crystal. The 
spectra were recorded from 4000 cm-1 to 650 cm-1 with a spectral resolution of 8 cm-1 and a sum of 64 
individual scans. Samples were run in solid state and no sample preparation was necessary. Omnic 
software was used for data acquisition, and Origin software was used for data processing.  
Size exclusion chromatography (SEC) was done to obtain molar mass and dispersity (Đ). SEC analysis 
was carried out on a THF solvent system. The SEC instrument consists of a Waters 95 isocratic HPLC 
pump, a Waters 717 plus auto-sampler, Waters 600E system controller (run by Breeze Version 3.30 SPA) 
and a Waters in-line Degasser AF. A Waters 2414 differential refractometer was used at 30 ºC in series 
with a Waters 2487 dual wavelength absorbance UV/Vis detector operating at variable wavelengths. THF 
(HPLC grade and stabilized with 0.125% BHT) was used as eluent at flow rates of 1 mL·min-1. The 
column oven was kept at 30 °C and the injection volume to 100 μL. Two PLgel (Polymer Laboratories) 5 
μm Mixed-C (300 x 7.5 mm) columns and a pre-column (PLgel 5 μm Guard, 50 x 7.5 mm) were used. 
Calibration was done using narrow polystyrene standards ranging from 580 to 2x106 g·mol-1. All molecular 
weights were reported as polystyrene equivalents. Data acquisition was done using Millennium software, 
version 4. Samples were prepared by dissolving samples in BHT stabilized THF (2 mg/mL). Sample 
solutions were filtered via syringe through 0.45 µm nylon filters before being subjected to analysis. 
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Results and Discussion 
Surface grafting from FPNPs surface 
Polymer chains, consisting of TBVE and MAnh copolymerized, are surface grafted onto the 
surface of the BPT-MAnh-FPNPs on two ways. The first method entails that the chains are 
grafted onto the surface of the particles using the pendant vinyl groups, that has not be used in 
the polymerization of the particles to attach new functionalities and a grafting-through technique 
to introduce the functionalities. The second method involving the chains to be grafted onto the 
surface using the RAFT-end groups and a grafting-from technique.32 The BPT-MAnh-FPNPs, 
having residual vinyl bonds located on the surface, permit further growth by radical capturing via 
conventional free radical (FR) grafting through approach.32,53,54 As the functional monomer 
(TBVE) and MAnh are copolymerized, the pendant vinyl groups on the particle surface will be 
incorporated in the growing poly(TBVE-co-MAnh) chains. This results in free radical poly(TBVE-
co-MAnh) grafted FPNPs (poly FR-(TBVE-co-MAnh)-g-FPNPs) via the grafting-through 
technique (Scheme 1).  
 
Scheme 1: Synthesis of modified particles using the TBVE and MAnh via FR polymerization on the 
surface of the particles, obtaining FR-poly(TBVE-co-MAnh)-g-FPNPs.  
= 
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RAFT-core particles will be used for the living RAFT-grafting from/ through polymerization 
approach.17 A sacrificial amount of BPT RAFT-agent was added to ensure all polymer chains 
grafted from the MAnh-FPNPs surface and formed in solution are polymerized in a controlled 
fashion (Scheme 2) This results in RAFT mediated poly(TBVE-co-MAnh) grafted FPNPs (RAFT-
poly(TBVE-co-MAnh)-g-FPNPs). Both approaches are aimed to yield nanoparticles with highly 
crosslinked cores and an outer layer consisting of covalently attached functional polymer 
chains. The resulting hairy particles were characterized in terms of particle size increase and 
surface functional groups. 
 
The FPNPs had a particle size of 785 nm (Figure 3A). SEM images of the FR-grafted FPNPs 
(Figure 3B) and the RAFT-grafted FPNPs (Figure 3C) are shown. Particle size measurements 
were carried out on the core-FPNPs and the grafted-FPNPs. After 48 hours the particles size of 
the RAFT-grafted and FR-grafted increased to 905 nm and 998 nm, respectively.  
= 
Scheme 2: Synthesis of modified particles using the TBVE and MAnh via RAFT polymerization on 
the surface of the particles, obtaining RAFT-poly(TBVE-co-MAnh)-g-FPNPs, with z defined as the 
RAFT end group. 
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The molecular weight and dispersity of the grafted polymer chains could not be determined, as 
grafted chains are covalently bound to the surface of the highly-crosslinked FPNPs. A rough 
estimate of the increase of particle size can be related to the molecular weight of the grafted 
polymer chains, that can be established using the unbound residual polymer chains within the 
supernatant.55,56 FR-grafted experiments obtained a number-average molecular weight (Mn) of 
11 395 g·mol-1 (Ð = 1.74) and the RAFT-grafted experiments obtained a number-average 
molecular weight (Mn) of 9 195 g·mol-1 (Ð = 1.28). The dispersity of the RAFT-polymerization 
gave a strong indication that the RAFT-agent BPT controls the molecular weight of polymer. 
This method of relating the particle size increase and molecular weight of the grafted polymer is 
not very precise as the grafting onto the particle surface is more complex. Crosslinking can 
occur due to the dangling vinyl bonds (DVB) that has not participated and grafting onto the 
particles can occur.  
A further confirmation of the grafting was observed in the ATR-FTIR analysis. After surface 
grafting onto the FPNPs (Figure 5C), the presence of the newly introduced C-O-C, on the TBVE 
monomer, appear at 870 cm-1- 923 cm-1 and 1073 cm-1- 1115 cm-1.57 The bands at 2820 cm-1 – 
2998 cm-1 are due to the sp2 aliphatic C-H bending vibrations of the polymer chain.58,59 The 
characteristic carbonyl bands at 1774 cm-1 and 1857 cm-1 are indicative of the MAnh present on 
the particle surface. The para-disubstituted aromatic rings appear at 707 cm-1. These results 
relate well to previous research, and confirm the successful grafting-through of the TBVE and 
MAnh monomers onto the surface of the FPNPs.57,58,60  
 
Surface modification of MAnh-FPNPs 
The MAnh-FPNPs comprise of accessible and reactive MAnh moieties that can be further 
modified by various reactions. The particles were surface modified using 3-aminophenylboronic 
Figure 3: SEM images of A) FPNPs, B) FR-poly(TBVE-co-MAnh)-g-FPNPs and C) RAFT-poly(TBVE-
co-MAnh)-g-FPNPs.  
B C A 
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acid, in excess, to ensure all accessible MAnh units are modified (refer to Figure 4). The 
successful surface modification is confirmed with ATR-FTIR analysis. 
 
 
The MAnh-FPNPs before modification (Figure 5A), had the characteristic MAnh carbonyl bands 
at 1772 cm-1 and 1854 cm-1. After surface modification (Figure 5B) the appearance of a new 
strong band at 1720 cm-1 and 1645 cm-1 is due to successful formation of the imide group.61 
Confirmation of ring closure is established by the absence of the N-H bending band at 1550 cm-
Figure 4: Surface modification of FPNPs using BA via the reactive MAnh to obtain BA-FPNPs.  
Figure 5: ATR-FTIR spectra of A) FPNPs, B) BA-FPNPs and C) (TBVE-co-MAnh)-g-FPNPs.  
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1.60 The broad, sharp bands at 3467 cm-1, 1388 cm-1 and 1226 cm-1 are assigned to the 
stretching and bending of the OH groups, after surface modification of BA, due to diol 
functionality on the BA.44 The meta-disubstituted aromatic ring appear at 708 cm-1 and 809 cm-1.  
 
Extraction of biomolecules using BA-FPNPs and (TBVE-co-MAnh)-g-FPNPs 
Preliminary extraction experiments were carried out, as the purpose of this study was to 
functionalize FPNP surfaces with moieties able to extract the biomolecule, norepinephrine. The 
first set of experiments were done to establish the extraction potential of the various FPNPs. 
BA-FPNPs and FR-(TBVE-co-MAnh)-g-FPNPs extract more norepinephrine than the RAFT-
(TBVE-co-MAnh)-g-FPNPs (Figure 6). The difference in extraction between the RAFT- and FR-
graft FPNPs can possibly be explained by the amount of polymer grafted onto the core-FPNPs. 
The FR-(TBVE-co-MAnh)-g-FPNPs showed a greater increase in particle size and higher 
molecular weight, which can relate to more polymer grafted onto the particle surface, 
furthermore relating to more functionality available for extraction. The % recovery of 
norepinephrine could not be established due to analyte degrading in the HPLC column.  
A second set of experiments was carried out using FR-(TBVE-co-MAnh)-g-FPNPs and BA-
FPNPs, and a compound closely related to norepinephrine, octopamine, to establish the 
recovery of the extractant from the particles. The extraction of the compound is shown in Figure 
7. The binding capacity is given in concentration analyte extracted per mass particles. It was 
observed that BA-FPNPs had a lower binding capacity (m/m), 4.15 µM/mg particles, compared to 
FR-grafted BM200 FPNPs’ binding capacity of 5.01 µM/mg particles. This can possibly be 
attributed to the effective amount of functionality on the different FPNPs. The BA-FPNPs could 
Figure 6: HPLC chromatogram showing the decrease in concentration of norepinephrine as a result of 
immobilization onto the FPNPs.  
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only have one BA-functionality per MAnh group, whereas the FR-grafted FPNPs had more 
repeat units of TBVE, effectively increasing the amount of extraction capacity. It was interesting 
to note that the BA-FPNPs percentage recovery of analyte, using 0.1 M HCl to wash off the 
analyte from the particles, was 92%, which was much higher than the FR-(TBVE-co-MAnh)-g-
FPNPs recovery of 57%, however the recovery of the analytes can still be optimized. 
Conclusion 
We report the successful surface modification of poly(STY-co-DVB-co-MAnh) FPNPs and the 
synthesis of “hairy-like” functional polymer nanoparticles through integrating nanoparticle 
synthesis and free radical- and living radical polymerizations, for the extraction of 
norepinephrine and octopamine from dilute solutions. We successfully extracted both 
norepinephrine and octopamine analyte from dilute solutions.  
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General conclusions  
The primary focus of this thesis is the synthesis of functional polymeric nanoparticles (FPNPs). 
It was demonstrated that FPNPs could be synthesized using a surfactant-free dispersion 
polymerization technique to obtain NPs with tunable sizes (nanometer up to micrometer scale) 
and morphologies (smooth to popcorn-shaped). The FPNPs were proven to be highly versatile 
and reactive compounds, making them interesting components for a plethora of applications. 
What follows is a summary of the most important findings gathered during this study, as well as 
an outlook presented for future work.  
In Chapter 3, an in-depth study on the surfactant-free dispersion polymerization technique for 
the fabrication of the FPNPs was conducted. Various experimental conditions were tested, 
including monomer, RAFT and crosslinker concentrations, as well as the monomer feed rate 
and reaction time. The results indicated that particles with tunable sizes and morphologies could 
be synthesized in a reproducible manner, retaining functionality (maleic anhydride and vinylic 
bonds) on the surface of the FPNPs. In a supplementary experiment, it was shown that 70% of 
the MAnh groups are accessible for further modification reactions, indicating high porosity within 
the particles.  
The FPNPs displayed auto-fluorescent properties, which are discussed in Chapter 4. The 
auto-fluorescence was attributed to the crosslinking nature (divinylbenzene content) and 
morphology of the particles. In addition, these particles showed no cytotoxicity towards cells, 
and due to their auto-fluorescent nature, could be incubated with cells to track cellular 
interactions. It was found that the particles were very quickly taken up into the cells, which did 
not occur via a phagocytosis pathway. This makes the particles interesting tools for fluorescent 
markers, with high functionality available for further modification and introduction of targeting 
ligands or drugs. 
Chapter 5 includes the first application for which these FPNPs were used for.  Inverse Pickering 
emulsion droplets were successfully made by boronate ester (BE)-decorated particles, which 
stabilized the Pickering emulsion. The particles were successfully decorated with varying 
amounts of boronic acid (BA) and were further modified with 1,3-propanediol to obtain 
BE-FPNPs. The presence of boronate ester functionalities and multiple diols on the biopolymer 
(starch) from within the aqueous layer, allowed for the crosslinking of multiple particles at the 
interface, successfully producing hybrid permeable microcapsules (MCs). 
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The triggered degradation of the hybrid MC wall was studied in Chapter 6. Bacteria, which were 
constructed/ transfected to produce and release amylase under an inducible GAL10 promoter, 
were encapsulated and shown to degrade the capsule wall upon the introduction of the 
galactose trigger.   
In another application, the FPNPs were decorated with a tertiary amine functionality to 
synthesize Janus particles using Pickering emulsion droplets as templates, as discussed in 
Chapter 7. This was achieved by the introduction of gold ions in the aqueous phase which are 
known in literature to have a great affinity towards tertiary amines. At the interface, the particles 
rotate and the surface that is exposed to the aqueous phase has the possibility of reducing the 
gold ions to metallic gold nanoparticles. This technique that utilized the rotation of the particles 
at the interface, was shown to be a powerful method of producing Janus particles with tunable 
surface coverage. Correlative imaging on these novel Janus particles was also done for the first 
time to confirm the synthesis of Janus particles using Pickering emulsion droplets as templates. 
The last application that these multi-FPNPs were utilized for is discussed in Chapter 8. It was 
shown that the decorating of the particle surface with specific functional groups, either in a direct 
surface modification reaction or grafting polymeric chains from the particle surface, can be 
beneficial for the extraction of biomolecules from dilute solutions. The surface of PNPs were 
successfully decorated with hairy-like polymers by introducing tetraphenylborate to the surface 
of the PNPs, well known in literature to complex with biomolecules. Additionally, the surfaces 
were decorated with BA, which is well known to complex with a compound having OH groups. 
These methods proved that these FPNPs can be used as solid phase extraction materials for 
the extraction of biomolecules.  
The overall results demonstrate that these reactive FPNPs are truly multifunctional in nature 
and can be utilized in various applications, have tunable sizes and morphologies, and are highly 
resistant to harsh environments. These are important characteristics in demand by many 
applications.  
Recommendations 
For complex functional particle formation, different parameters can still be experimented with to 
fully understand the formation of these multi-monomer, functional particles. Therefore, it is 
suggested that the addition time of the crosslinker be varied alongside various other monomers 
in the polymerization being optimized to provide a more detailed picture of how these 
parameters influence the particle size and morphology. It is clearly observed from the first part 
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of this study that the introduction of three monomers and high reactive MAnh influence the 
polymerization of particles, and for future studies, the introduction of different monomers would 
make the fabrication of various materials with different functionalities possible. This opens the 
door to unlimited possibilities of FPNPs. Modifying the particles with targeting ligands and drugs 
will be a fruitful avenue to explore. 
Interesting auto-fluorescence was observed, although the mechanism for the AF could not yet 
be proved, this work opens up the possibility to investigate the AF within polymer systems. 
Preliminary investigation was done on the influence of the MAnh structure (rotation) and DVB 
concentration observing the effect on the AF. However more in-depth experiments will be 
needed (varying the monomer concentration, RAFT concentration, residual vinyl bonds and 
crosslinker concentration) to conclude the origin of AF and what is responsible for the AF.  
Another recommendation is the optimization of the capsule wall degradation. Various 
parameters can be optimized. Firstly, future studies could characterize the starch to be able to 
exactly determine the necessary addition concentration of starch and the ratio between 1,2-diols 
and BE-functionality. Secondly, it would be important to optimize the constructed/ transfected E. 
coli. The E. coli was transfected to release amylase via a galactose trigger. It is unknown still 
what amount of galactose is needed to stimulate amylase release, and how much amylase is 
needed to degrade the capsule wall. For that, it would be necessary to first determine the 
activity of the amylase producing E. coli under different concentrations of galactose. It would 
also be necessary to determine the time it takes to degrade different amounts of starch used in 
the capsule forming steps. With that information, it will be possible to calculate the exact 
concentration of E. coli needed, with introduced concentration of galactose, to degrade capsules 
in specific times.  
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Lambda scans using lasers 405 nm, 458 nm, 514 nm, 561 nm and 633 nm. 
Excited with 405 nm 
Excited with 458 nm 
Figure 1: AF detected using 405 nm laser in increments of 9 nm wavelengths. 
Figure 2: AF detected using 458 nm laser in increments of 9 nm wavelengths. 
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Excited with 488 nm 
 
Excited with 514 nm 
Figure 3: AF detected using 488 nm laser in increments of 9 nm wavelengths. 
Figure 4: AF detected using 514 nm laser in increments of 9 nm wavelengths. 
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Excited with 561 nm 
Excited with 633 nm 
 
 
Figure 5: AF detected using 561 nm laser in increments of 9 nm wavelengths. 
 
Figure 6: AF detected using 514 nm laser in increments of 9 nm wavelengths. 
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Synthesis scheme of 1-bromo-4-((2-(2-(vinyloxy) ethoxy) ethoxy) methyl) benzene (BM100): 
 
Scheme 1: Synthesis of 1-bromo-4-((2-(2-(vinyloxy) ethoxy) ethoxy) methyl) benzene (BM100)  
 
 
Figure 7: 1H-NMR spectrum of BM100.  
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Synthesis scheme of Lithium Triphenyl(4-((2-(2-vinyloxy)ethoxy)ethoxy)methyl)-phenyl)borate 
(TBVE):
 







Figure 8: 13C-NMR spectrum of BM100. 
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Figure 9: 1H-NMR spectrum of TBVE. 
Figure 10: 1H-NMR spectrum of TBVE. 
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